m 



BEE y 




3 TSSS. 



G 



Express Mail Mailing Label No. EV 226053955 US 
Date of Deposit: December 13, 2002 

I hereby certify that this paper or fee is being deposited with the United States Postal Service 
"Express Mail Post Office to Addressee" service under 37 CF.R. §1.10 on the date indicated above 
and is addressed to the Commissioner for Patents, Washington, DC 2023 1 . 




CyntKia Wilson 




PATENy^ 
Attorneys Docket No. P-061-RA . J, 

IN THE United States Patent and Trademark Office 



In re Patent Application of 

Burton CHRISTENSEN et al. 

Application No.: 09/457,926 

Filed: December 8, 1999 

For: Novel Anti-bacterial Agents 




Group Art Unit: 1639 
Examiner: M. Garcia Baker 



Brief for Appellant 



Commissioner for Patents 
Washington, D.C. 20231 



Attention: Board of Patent Appeals and Interferences 



Sir: 



This Brief is submitted in response to the final Office Action mailed on 
July 2, 2002, for the above-identified patent application; and in furtherance of the Notice 
of Appeal filed on November 4, 2002. Pursuant to 37 CF.R. §1.1 92(a), this Brief is 
accompanied by the fee set forth in 37 CF.R. § 1.17(c) and is submitted in triplicate. 
Additionally, pursuant to 37 CF.R. §1.1 92(c)(9), the appealed claims are set forth in 
Appendix A. 



1E/17/H00E CVQlll 00000030 500344 034579E& 




Application No. 09/457,926 
Attorney's Docket No. P-061-R2 



Table of Contents 

Page 



I. Real Party in Interest (37 C.F.R. § 1.192(c)(1)) 4 

IL Related Appeals AND Interferences (37 C.F.R. § 1.192(c)(2)) 4 

in. Status of the Claims (37 C.F.R. § 1.192(c)(3)) 4 

IV. Status of Amendments (37 C.F.R. §1.1 92(c)(4)) 4 

V. Summary of Invention (37 C.F.R. § 1. 192(c)(5)) 4 

VI. Issues (37 C.F.R. § 1.192(c)(6)) 5 

VII. Grouping of Claims (37 C.F.R. § 1.192(c)(7)) 5 

vm. Arguments (37 C.F.R. § 1 .192(c)(8)) 6 

A. Legal Standard Required for Establishing a Prima Facie 
Case of Obviousness 6 

B. The Examiner's Rejection 7 

C. Cited References Do Not Provide Requisite Motivation... 8 

1 . Structural Similarity Does Not Provide 
Motivation for Proposed Modification 8 

2. Cited References Fail to Provide Motivation 

TO Make the Proposed Modification 8 

3 . The Examiner Has Improperly Derived the 
Motivation to Combine References from 
Appellants' Specification 15 

D. Cited References Do Not Provide a Reasonable 
Expectation that the Proposed Modification Will 
Succeed 16 

1 . Cited References Teach the Unpredictability 

OF THE Proposed Modification 1 7 



-2- 



Application No. 09/457.926 
Attorneys Docket No. P-061-R2 



Page 

2. Obvious to Try Is Insufficient To Establish a 

Prima Facie Case of Obviousness 1 9 

E. Cited References Do Not Teach or Suggest All the 
Limitations of Claims 46, 54, 57 and 58 22 

1 . P-Lactam Moieties of Claims 46, 54, 57 and 58 
ARE NOT Taught or Suggested by the Cited 
References 22 

F. Conclusions 23 



-3- 



Application No. 09/457.926 
Attorney's Docket No. P-061-R2 



I. Real Party in Interest (37 C.F.R. § 1.192(c)(1)) 

The real party in interest in this appeal is Thera VANCE, Inc., a corporation duly 
organized under and pursuant to the laws of Delaware, and having its principal place of 
business at 901 Gateway Boulevard, South San Francisco, California 94080. 

II. Related Appeals and Interferences (37 C.F.R. § 1.192(c)(2)) 

The Appellant, the Appellant's legal representative, or the Assignee are not aware 
of any other appeals or interferences which will directly affect or be directly affected by or 
have a bearing on the Board's decision in this appeal. 

III. Status of the Claims (37 C.F.R. § 1.192(c)(3)) 

Claims 41-46, 49-51, 53-55, 57 and 58 are the subject of this appeal. Of these 
pending claims. Claims 41, 43, 49-51 and 53-55 have been rejected and Claims 42, 44-46, 
57 and 58 have been withdrawn from consideration by the Examiner but not cancelled. 
Claims 1-40, 47, 48, 52 and 56 have been cancelled. No claims have been allowed. 

IV. Status of Amendments (37 C.F.R. § 1.192(c)(4)) 

No amendments have been filed subsequent to the final rejection. 

V. Summary of Invention (37 C.F.R. § 1.192(c)(5)) 

Appellants' claimed invention is directed to chemical compounds having the 
formula: 

L'-X'-L" 

or pharmaceutically acceptable salts thereof; wherein L' is a specifically-defined P-lactam 
moiety; L" is a vancomycin moiety (or an aglycone derivative thereof); and X' is a 
specifically-defined linker as further described on page 39, line 18 to page 48, line 08 of 
the specification. Specific embodiments of the presently claimed invention are illustrated, 
for example, in Figures 9 and 1 0 (where the structure of the vancomycin moiety has been 
abbreviated as a square box as described on page 38, lines 10-17 of the specification). 
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In the presently claimed compounds, the P-lactam and vancomycin moieties are 
attached to the linker through specifically-defmed points of attachment. For example, in 
Claim 41 (reproduced in Appendix A), the p-lactam moiety of formula (a) is covalently 
linked to the linker through substituents R, or R^; and the vancomycin moiety (or 
aglycone) is linked to the linker through the carboxy terminus, the amino terminus, the 
dihydroxyphenyl ring, the saccharide amino group, or the aglycone hydroxy terminus of 
the vancomycin moiety. 

The presently claimed invention is also directed to pharmaceutical compositions 
comprising a pharmaceutically acceptable carrier and a therapeutically effective amount 
of any of the claimed compounds as further described on page 112, line 31 to page 115, 
line 14 of the specification. The compounds and pharmaceutical compositions of this 
invention are useful as antibacterial agents as further described on page 112, lines 15-29 
of the specfication. 

VI. ISSUES (37 C.F.R. § 1.192(c)(6)) 

Whether Claims 41-46, 49-51, 53-55, 57 and 58 are unpatentable under 35 U.S.C. 
§ 103(a) over: 

(1) U.S. Patent No. 5,693,791, issued on December 2, 1997 to William L, 
Truett ("Truett"); in view of: 

(2) Michael Boeckh et al., Antimicrob. Agents Chemother, 1988, 32(1), 92-95 
("Boeckh"); 

(3) M. Renoud-Grappin et aL, Antiviral Chem. and Chemotherapy, 1998, P(3), 
205-223 ("Renoud-Grappin"); and 

(4) Thomas Staroske and Dudley H. Williams, Tet. Lett. 1998, 39, 4917-4920 
("Staroske"). 

VII. Grouping of Claims (37 C.F.R. § 1.192(c)(7)) 

The claims subject to appeal do not stand or fall together. Specifically, Claims 46, 
54, 57 and 58 are believed to be separately and independently patentable for the reasons 
discussed herein below. 
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VIII. Arguments (37 C.F.R. § 1.192(c)(8)) 

The sole issue for consideration in this appeal is whether the Examiner has 
establish a prima facie case of obviousness for Appellants' claimed invention. 

A. Legal Standard Required for Establishing a Prima Facie Case 
OF Obviousness 

The Examiner bears the initial burden of establishing a prima facie case of 
obviousness. See In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 
1992). In order to satisfy this burden, the Examiner must make three showings: 

(1) First, the prior art relied upon, coupled with the knowledge generally 
available in the art at the time of the invention, must contain some suggestion or incentive 
that would have motivated the skilled artisan to modify a reference or to combine 
references in a manner that produces the claimed invention. See^ In re Fine, 837 F.2d 
1071, 1074, 5 USPQ2d 1596, 1598 (Fed. Cir. 1988) (holding that a/?n>wa/ac/e case of 
obviousness can be established only "by showing some objective teaching in the prior art 
or that knowledge generally available to one of ordinary skill in the art would lead that 
individual to combine the relevant teachings of the references."). For an invention 
directed to a chemical compound, the requisite motivation is generally derived from 
structural similarity between the prior art and the claimed invention. See, e.g., 
Yamanouchi Pharm. Co., Ltd. v. Danbury Pharmacal, Inc., 231 F.3d 1339, 1343, 56 
USPQ2d 1641, 1644 (Fed. Cir. 2000). 

(2) Second, the Examiner must show that the proposed modification of the 
prior art references had a reasonable expectation of success as determined from the 
vantage point of one of ordinary skill in the art. See Yamanouchi, 231 F.3d at 1343, 
56 USPQ2d at 1644; dindAmgen, Inc, v. Chugai Pharm, Co,, 927 F.2d 1200, 1209, 18 
USPQ2d 1016, 1023 (Fed. Cir. 1991) ("there was no reasonable expectation of 
success... [t]here were many pitfalls."). 

Both the motivation to modify the prior art references, as well as the expectation 
of success, must come from the prior art, not from applicant's own disclosure. See, In 



-6- 




Application No. 09/457,926 
Attorney's Docket No. P-061-R2 

re VaecK 947 F.2d 488, 493, 20 USPQ2d 1438, 1442 (Fed, Cir. 1991). 

(3) Lastly, the Examiner must show that the prior art reference or 
combination of references teach or suggest all the limitations of the claims. See^ In re 
Wilson, 424 F.2d 1382, 1385, 165 USPQ 494, 496 (CCPA 1970) ("All words in a 
claim must be considered in judging the patentability of that claim against the prior 
art."). 

If the Examiner fails in any of these requirements, she has not established a 
prima facie case of obviousness, and without more, the applicant is entitled to a patent. 
See, e,g., Oetiker, 977 F.2d at 1445, 24 USPQ2d at 1444 (citing In re Grabiak, 769 
F.2d 729, 733, 226 USPQ 870, 873 (Fed. Cir. 1985)). 

B. The Examiner's Rejection 

The Examiner has concluded that Appellants' claimed invention is prima facie 
obvious in view of the cited references for the following reasons: 

[I]t would have been prima facie obvious to one of ordinary skill in 
the art at the time of the invention to link vancomycin and ceftazidime, 
based on the teaching of Truett concerning the linking of diverse antibiotic 
moieties combined with the teaching of Boeckh et al to perform 
combination therapy using the drugs, the teaching of Renoud-Grappin 
conceming linking drugs to perform combination therapy and the teaching 
of Staroske et al conceming vancomycin dimers linked through the amino 
and carboxy terminus. Specifically, Truett teaches that two antibiotics, one 
known to attack Gram positive bacteria and another to attack Gram 
negative bacteria can be linked and the advantages of doing such, and 
Boeckh et al teach that vancomycin and ceftazidime fulfill these 
requirements. Renoud-Grappin teach that one way to achieve effective 
combination therapy is to covalently link two different drugs. Finally, 
Staroske et al teach that vancomycin can be linked at specific linkage sites. 
One of ordinary skill would have been motivated to covalently link 
vancomycin with ceftazidime to create a broad spectrum antibiotic 
compound to fight antibiotic resistant strains. One of ordinary skill would 
also have had a reasonable expectation of success based on the fact that 
Staroske et al teaches linking chemistry for vancomycin. Final Rejection, 
U.S. Serial No. 09/457,926, at pages 5-6 (July 2, 2002). 

For the reasons discussed herein, the Examiner's arguments as summarized above 
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fail to establish a prima facie case of obviousness and therefore, the rejection of 
Appellants' claimed subject matter should be reversed. 

C. Cited References Do Not Provide Requisite Motivation 

In proving a prima facie case of obviousness, the Examiner must show that the 
prior art relied upon, coupled with the knowledge generally available in the art at the time 
of the invention, provided some suggestion or incentive that would have motivated the 
skilled artisan to modify the references in a manner that would have produced the claimed 
invention. In the present case, this requisite motivation is lacking for the following 
reasons. 

1. Structural Similarity Does Not Provide Motivation for 
Proposed Modification 

Appellants first note that the requisite motivation to modify the cited references is 
not provided by any structural similarity between the compounds disclosed in the cited 
references and Appellants' claimed compounds, i.e.. Appellants' claimed compounds are 
not homologs, analogs or isomers of any of the prior art compounds of record. In 
Yamanouchi, the Federal Circuit stated that "[fjor a chemical compound, a prima facie 
case of obviousness requires 'structural similarity between claimed and prior art subject 
matter... where the prior art gives reason or motivation to make the claimed 
compositions.'" Yamanouchi, 231 F.3d at 1343, 56 USPQ2d at 1644 (Fed. Cir. 2000), 
quoting In re Dillon, 919 F.2d 688, 692, 16 USPQ2d 1897, 1901 (Fed. Cir. 1990) {en 
banc). In the present case, no such structural similarity exists. Accordingly, structural 
similarity does not provide the requisite motivation or suggestion to modify the prior art 
compounds in a manner which produces Appellants' claimed invention. 

2. Cited References Fail to Provide Motivation to Make the 
Proposed Modification 

In the absence of structural similarity, the Examiner has attempted to piece 
together elements present in the prior art to construct Appellants' claimed subject matter. 
However, the cited references fail to provide the requisite motivation to combine such 

-8- 



Application No. 09/457,926 
Attorneys Docket No. P-061-R2 



elements in a manner that produces Appellants' claimed invention. 

Specifically, the primary reference relied upon by the Examiner to establish a 
prima facie case of obviousness is the Truett reference. This reference discloses that 
various antibiotic moieties can be linked together using diisocyanates, dianhydrides, 
diacid chlorides, diepoxides and carbodiimides {see Truett at Column 1, lines 5-15). 
However, Truett teaches that: 

The types of antibiotics that can be linked are sulfonamides, trimethoprim, 
penicillins and related structures, cephalosporins and related structures, 
chloramphicol, erythromcyin, metronidiazole, quinolones, tetracyclines 
and aminoglycosides. Truett at Column 6, lines 34-38. 

Thus, Truett does not teach or suggest the use a glycopeptide antibiotic, such as 
vancomycin, for the preparation of antibiotic dimers. Since this reference lacks any 
disclosure of a glycopeptide antibiotic, it does not provide the necessary motivation on its 
own to link vancomycin to a P-lactam antibiotic and thus, produce Appellants' claimed 
invention. 

Recognizing this limitation, the Examiner has first combined the Truett reference 
with the Boeckh reference. Boeckh teaches the use of physical mixtures of vancomycin 
and ceftazidime (a P-lactam) to treat bacterial infections {see Boeckh at page 92, first 
paragraph). In such physical mixtures, the vancomycin and ceftazidime are separate 
chemical entities not linked together but merely mixed as two separate components. 
Thus, the Boeckh reference does not disclose or suggest in any way the use of antibiotic 
dimers. Accordingly, on its own, the Boeckh reference cannot provide the necessary 
motivation to chemically link vancomycin to ceftazidime. 

In combining these references, however, the Examiner has argued that: 

Truett teaches that two antibiotics, one known to attack Gram positive 
bacteria and another to attack Gram negative bacteria can be linked and the 
advantages of doing such, and Boeckh et al teach that vancomycin and 
ceftazidime ftilfiU these requirements. Final Rejection at page 6. 

In response. Appellants first take issue with the Examiner's statement that Truett 
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teaches the advantages of Hnking two antibiotics together. Specifically, Appellants 
respectfully point out that the Truett reference does not explicitly state any particular 
advantage to be gained by linking antibiotic compounds together. At best, Truett states 
that: 

This invention is concerned with the preparation of a wide variety 
of antibiotics of new and novel structure and antimicrobial activity... It has 
been realized that the linking of two antibiotic moieties functioning in 
different fashions, as for example inhibiting cell-wall synthesis or protein 
synthesis or DNA synthesis, can be of value. Two antibiotic moieties can 
also be linked in which one is knovra to attack Gram positive bacteria and 
another to attack Gram negative bacteria, and this new entity is of value, 
Truett at Column 1, lines 05-07 and 24-30 (emphasis added). 

Beyond stating that the linked antibiotics have "value" (i.e., presumably that such 
dimers have utility), no particular advantage is described by Truett for such compounds. 
In fact, the Truett reference provides data for only one antibiotic dimer compound and 
that compound is reported to have the same antibacterial activity as unlinked standard 
antibiotics. Specifically, Truett discloses the preparation and testing of a dimer of p- 
aminobenzene sulfonamide and sulfapyridine in Column 45, beginning at line 25. In 
reporting the activity of this compound, Truett states that: 

Tabs of the filter paper [containing the dimer of /7-aminobenzene 
sulfonamide and sulfapyridine] were applied to agar culture plates streaked 
with standard bacterial cultures of S. aureus^ E. coli and P. aureginosa. 
Standard antibiotics, as p-aminosulfonamide and penicillins were used for 
comparison. All products showed modest inhibition zones in the vicinity 
of the filter paper tabs containing the product firactions. Truett at Column 
45, lines 57-64 (emphasis added). 

Thus, not only does Truett fail to state any explicit advantage to be gained by 
linking antibiotic moieties together, but this reference actually demonstrates that when 
such dimers are prepared, the products do not have any advantage over standard 
antibiotics, i.e., all products showing "modest" inhibition zones. 

In contrast, Boeckh teaches that physical mixtures of vancomycin and ceftazidime, 
i.e., mixtures where the components are not linked together, are highly effective for 
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treating bacterial infections. Specifically, Boeckh teaches: 

Recent studies demonstrate an excellent clinical response to the 
combination of vancomycin and ceftazidime in febrile neutropenic cancer 
patients.... In vitro studies with this combination showed strong synergism 
and prevention of secondary resistance to most staphylococci.... In 
summary, the combination of vancomycin and ceftazidime is an effective 
regimen to compensate for the poor antistaphylococcal activity of 
ceftazidime alone.... Boeckh at page 94, first full paragraph, right column. 

Accordingly, in view of the fact that physical mixtures of vancomycin and 
ceftazidime are reported by Boeckh to be effective for treating bacterial infections and 
Truett neither reports nor demonstrates any explicit advantage for the linked antibiotics 
disclosed therein, the combined disclosures of these references would not provide one 
skilled in the art with sufficient motivation to modify their teachings in a manner which 
produces Appellants' claimed invention. 

In this regard, it is important to recognize that preparing dimers of antibiotics 
requires significant extra effort on the part of the skilled artisan. Additional chemical 
reactions must be conducted and the resulting products typically must be purified. For 
example, beginning in Column 25, at line 19, Truett discloses various synthetic 
procedures required to prepare dimers. Truett further teaches, for example in Column 44, 
at lines 01-04 and 25-26, that such reactions often produce mixtures of products that 
require separation by chromatographic techniques {see Truett at Column 44, lines 01-04 
and 25-26). 

Thus, in view of the extra effort required to prepare dimers, one skilled in the art 
would find insufficient motivation to make dimers of vancomycin and ceftazidime based 
on the teachings of Truett since this reference neither reports nor demonstrates any 
explicit advantage for the linked antibiotics disclosed therein. This is especially true in 
view of the fact that Boeckh teaches that physical mixtures of vancomycin and 
ceftazidime are an "effective regimen" for the treatment of bacterial infections. Based on 
these teachings, one skilled in the art would clearly explore physical mixtures of 
antibiotics rather than chemically-linked antibiotics. 

The Examiner has attempted to strengthen her argument by also citing the 
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Renoud-Grappin reference and arguing that: 

Renoud-Grappin teach that one way to achieve effective combination 
therapy is to covalently link two different drugs. See page 208, first 
column, first full paragraph of the reference, which describes using 
heterodimers for combination therapy linked "through an appropriate 
spacer, in an attempt to combine the inhibitory capacity" of two different 
classes of molecules. The reference also describes that one would attempt 
such an approach to span two binding sites on the target. Renoud-Grappin 
et al also discuss combining different drugs to "prevent the emergence of 
drug-resistant virus strains" and set forth three main reasons for 
combination therapy (see page 207, 2"^ column, 2"^ paragraph). It is 
recognized that the linked compounds of Renoud-Grappin et al (see, for 
example. Figure 4 of the reference) are anti-virals and not antibiotics; 
however, it is the examiner's position that one of ordinary skill would 
recognize the relevance of preventing the emergence of drug-resistant 
strains for both classes of molecules since such was well established in the 
art. Final Rejection at pages 4-5. 

However, the teachings of the Renoud-Grappin reference do not cure the 
deficiencies of Truett and Boeckh and, in fact, actually direct the skilled artisan away 
from the preparation of dimers for the following reasons. 

First, while Renoud-Grappin attempts to achieve effective combination therapy 
through the use of dimers of anti-viral agents, their actual results demonstrate that the 
dimer approach did not work in their case. Specifically, Renoud-Grappin teach: 

In conclusion, no synergistic antiviral activity and no diminished toxicity 
were found. ...Several reasons may explain the failure of this heterodimer 
approach to increase the inhibitory activity against HIV.... Renoud- 
Grappin at page 219, second column (emphasis added). 

Accordingly, rather than providing the requisite suggestion or incentive to 
motivate one skilled in the art to prepare dimers of antibiotics, the Renoud-Grappin 
reference actually teaches away from the preparation of dimers by demonstrating that the 
disclosed dimers did not provide any advantage. Again, this information, when combined 
with the knowledge that physical mixtures of vancomycin and ceftazidime were known to 
be an "effective regime" for treating bacterial infections, would actually lead one skilled 
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in the art to explore the use of physical mixtures of antibiotics and not to prepare dimers 
because no actual advantage is demonstrated for dimers. 

Additionally, the Examiner's statement that one skilled in the art would be 
motivated to prepare dimers to prevent the emergence of drug-resistant strains is 
inconsistent with the teachings of the cited references. Specifically, Boeckh teaches that: 

In vitro studies with this combination [of vancomycin and ceftazidime] 
showed strong synergism and prevention of secondary resistance to most 
staphylococci. Boeckh at page 94 (emphasis added). 

In contrast, the Renoud-Grappin reference teaches that the dimer approach failed 
to provide any advantage. Again, one skilled in the art examining the entire teachings of 
these references would be motivated to explore physical mixtures of antibiotics for the 
prevention of resistance rather than dimers. 

The Examiner has also cited the Staroske reference and stated that: 



[VJancomycin dimers were also known in the art at the time of filing. 
Straroske et al discuss both "head-to-head" and head-to-tail" dimers (see 
Figure 3) and that in "light of recent reports of vancomycin-resistant 
bacteria" there is a 'strong incentive for the development of more potent 
antibiotics' (page 4917, bottom). The reference also teaches that dimeric 
vancomycin compounds exhibit improved antibacterial activity, see for 
example, page 4918 top. Specifically, the dimers of Staroske et al are 
linked from the amino terminus of one vancomycin moiety to the carboxy 
terminus of another (see Scheme 1, page 4919). The reference also 
contemplates linking of the vancomycin at the vancosamine moiety (see 
page 4920, last two paragraphs). Final Rejection at page 5. 

Again, however, when this reference is examined in its entirety, the actual results 
provide little or no motivation to prepare dimers. Specifically, although Staroske 
indicates that certain vancomycin dimers had increased antibacterial activity against a 
particular strain of resistant bacteria, this reference clearly goes on to say in the same 
sentence that such dimers "were still insufficiently active for therapeutic use" (Staroske 
at page 491 8, first paragraph). Thus, the only data provided by this reference actually 
shows that the vancomycin dimers discussed therein were insufficiently active for 
therapeutic use against the resistant strain of bacteria. In contrast, Boeckh teaches that 
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physical mixtures of vancomycin and ceftazidime are an "effective regimen" for the 
treatment of bacterial infections in patients. Based on such teachings, one skilled in the 
art would be motivated to make physical mixtures of antibiotics rather than dimers. 

Thus, in summary, the Truett reference teaches that certain antibiotic moieties can 
be linked together and that such linked antibiotic moieties "can be of value" but also 
reports that "[a] 11 products showed modest inhibition zones." Truett say nothing about 
the specific combinations of vancomycin and a P-lactam claimed by Appellants. The 
Renoud-Grappin reference adds to Truett by teaching that the dimer approach failed to 
increase the inhibitory activity of the disclosed compounds against HIV. The Staroske 
reference further teaches that the vancomycin dimers discussed therein were insufficiently 
active for therapeutic use against a particular strain of resistant bacteria. On the other 
hand, the Boeckh reference teaches that an entirely different approach is therapeutically 
effective. Specifically, Boeckh teaches that a physical mixture of vancomycin and 
ceftazidime, i.e., an unlinked mixture of the separate components, is therapeutically 
effective and shows prevention of secondary resistance to most staphylococci in vitro. 

Therefore, when taken as a whole, the cited references clearly do not provide any 
incentive for the skilled artisan to depart from the use of physical mixtures of vancomycin 
and ceftazidime and prepare dimers of such compounds. In fact, the actual teachings of 
these references establish just the opposite - based on the teachings of these references, 
one skilled in the art would recognize that the preparation of dimers requires extra 
synthetic steps (Truett) and that such dimers do not provide any actual advantage over the 
monomers (Truett and Renoud-Grappin) but that taking a different approach, i.e., the 
preparation of physical mixtures, provides compositions that are therapeutically effective 
(Boeckh). Thus, one skilled in the art would be motivated to prepare physical mixtures of 
antibiotics rather than dimers. 

Accordingly, since the cited references clearly do not provide the requisite 
motivation to one skilled in the art to modify the teachings in a manner that produces 
Appellants' claimed invention, the Examiner has not established a prima facie case of 
obviousness for Appellants' claimed invention and the rejection of Appellants' claimed 
subject matter based on these references should be reversed. 
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3. The Examiner has Improperly Derived the Motivation to 
Combine References from Appellants' Specification 

The Federal Circuit has repeatedly warned that the requisite motivation to 
establish a prima facie case of obviousness must come from the prior art, not applicant's 
own specification. In determining whether a person of ordinary skill would have been led 
to a particular combination of references, it is improper simply to "[use] that which the 
inventor taught against its teacher." In re Lee, 277 F.3d 1338, 1343, 61 USPQ2d 1430, 
1434 (Fed. Cir. 2002), citing W.L Gore v. Garloch Inc., 721 F.2d 1540, 1553, 220 USPQ 
303, 312-13 (Fed. Cir. 1983). In particular, using an applicant's disclosure as a blueprint 
to reconstruct the claimed invention from isolated pieces of the prior art contravenes the 
statutory mandate of § 103 which requires judging obviousness at the point in time when 
the invention was made. See Orthopedic Equip. Co, v. United States, 702 F.2d 1005, 
1012, 217 USPQ 193, 199 (Fed. Cir. 1983) (where the court held that "[i]t is wrong to use 
the patent in suit as a guide through the maze of prior art references, combining the right 
references in the right way so as to achieve the result of the claims in suit."). 

In the present case, the Examiner has improperly used Appellants' disclosure as a 
guide to pick the Boeckh reference from the vast array of prior art documents teaching 
physical mixtures of various antibiotics. By doing so, the Examiner has improperly 
concluded that one skilled in the art would have been motivated to prepare dimers of 
vancomycin and ceftazidime when in fact, the cited references relating to dimers provide 
no reasons to pick vancomycin and ceftazidime from the vast array of known 
combinations of antibiotics. 

Specifically, at the time Appellants' invention was made, many physical mixtures 
of antibiotics were known in the art. By way of illustration, numerous examples of 
synergistic antimicrobial combinations are listed in George M. Eliopoulos & Robert C. 
Moellering, Jr., Antimicrobial Combinations, in Antibiotics in Laboratory Medicine 
330, 373-382 (Victor Lorian ed., 4*^ ed. 1996) and references cited therein. A copy of this 
document is attached as Appendix B to illustrate the state of the art. In this regard, the 
Boards' attention is directed to pages 373-82 which list a multitude of synergistic 
antibiotic combinations, the vast majority of which do not involve vancomycin and a 
P-lactam antibacterial compound. 
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In view of this vast array of prior art references relating to synergistic 
combinations of antibacterial compounds, the Examiner has given no reason why one 
skilled in the art would select the particular combination of vancomycin and ceftazidime 
to prepare dimers. In this regard, the Examiner has merely selected the Boeckh reference 
based on hindsight knowledge of Appellants' claimed invention in order to support her 
conclusions of obviousness without acknowledging the many other prior art references 
which teach synergistic combinations of antibiotics. By doing so, the Examiner has 
improperly used Appellants' disclosure as a guide through this maze of prior art 
references. Nothing of record supports the conclusion that one skilled in the art would 
have been led to select vancomycin and ceftazidime for the preparation of dimers in 
preference to any of the many other known synergistic combinations of antibacterial 
compounds. 

Accordingly, since the Examiner has improperly used hindsight knowledge of 
Appellants' claimed invention to assemble the cited references, the Examiner has not 
properly established a prima facie case of obviousness for Appellants' claimed invention 
based on these references. 

D. Cited References Do Not Provide a Reasonable Expectation 

THAT THE PROPOSED MODIFICATION WiLL SUCCEED 

To establish a prima facie case of obviousness, the Examiner must also show that 
the proposed modification of the prior art would have had a reasonable expectation of 
succeeding as determined from the vantage point of the skilled artisan at the time the 
invention was made. Although obviousness does not require absolute predictability, at 
least some degree of predictability is required. Thus, evidence showing there was no 
reasonable expectation of success may support a conclusion of nonobviousness. See In re 
Rinehart, 531 F.2d 1048, 189 USPQ 143 (CCPA 1976). For the following reasons, the 
Examiner has not shown that the cited references provide the degree of predictability 
required to establish a prima facie case of obviousness and therefore, the rejection of 
Appellants' claimed subject matter should be reversed. 
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1. Cited References Teach the Unpredictability of the Proposed 
Modification 

The cited references do not provide the necessary degree of predictability because 
the Renoud-Grappin reference explicitly teaches the failure of the dimer approach and 
lists numerous factors affecting the predictability of this approach. Thus, the teachings of 
this reference clearly make the Examiner's stated goal of the proposed modification 
completely unpredictable. 

Specifically, in the present case, the Examiner has stated that the cited references 
provide the following motivation: 

One of ordinary skill would have been motivated to covalently link 
vancomycin with ceftazidime to create a broad spectrum antibiotic 
compound to fight antibiotic resistant strains.... Also, the strongest rationale 
for combining references is a recognition, expressly or impliedly in the 
prior art or drawn from a convincing line of reasoning based on established 
scientific principles or legal precedent, that some advantage or expected 
beneficial result would have been produced by their combination. In re 
Sernaker, 702 F.2d 989, 994-95, 217 USPQ 1, 5-6 (Fed. Cir. 1983). In the 
instant case, the beneficial result of the combination of references is 
creating a broad spectrum antibiotic compound to fight antibiotic 
resistant strains. Final Rejection at page 6 and 7-8 (emphasis added). 

Accordingly, the issue is whether one skilled in the art would have had a 
reasonable expectation that preparing dimers of vancomycin and ceftazidime would create 
a broad spectrum antibiotic compoimd to fight antibiotic resistant strains. In this regard, 
the teachings of Renoud-Grappin clearly establish that one skilled in the art could not 
have reasonably predicted whether they would succeedJn achieving this objective. 

Specifically, the Renoud-Grappin reference teaches: 

To prevent the emergence of drug-resistant virus strains, various drugs can 
be combined.... One approach to combination therapy.. .is the use of 
heterodimers resulting from the linking of a NNRTI and a NRTl through 
an appropriate spacer, in an attempt to combine the inhibitory capacity of 
these very different classes of molecules. With this aim, we have 
designed, synthesized and evaluated the anti-HIV-1 activity of several 
heterodimers.... Renoud-Grappin at page 207 and 208 (emphasis added). 



-17- 



Application No. 09/457.926 
Attorney's Docket No. P-061-R2 



After preparing and testing their dimers, Renoud-Grappin report the following: 

In conclusion, no synergistic antiviral activity and no diminished toxicity 
were found.... Several reasons may explain the failure of this heterodimer 
approach to increase the inhibitory activity against HIV....[1.] Some 
flexibility may be needed to permit penetration of the heterodimer to reach 
the binding pocket of the RT....[2.] [T]he NNRTI and NRTI parts may be 
linked to each other on the wrong position; [3.] [I]t also may well be 
possible that the NNRTI part would not bind the allosteric site in the 
RT....[4.] [T]he relative inactivity of the heterodimers may be due to poor 
transport or metabolism of the heterodimer in the host cells used. [5.] The 
heterodimer could have been hydrolytically cleaved either chemically or 
enzymaticaliy into the nucleoside part. Renoud-Grappin at page 219 
(emphasis added). 

Thus, this reference provides both direct evidence of the failure of the dimer 
approach and lists numerous factors, including flexibility, points of attachment, binding, 
transport, metabolism, chemical stability and enzymatic stability, that contribute to the 
unpredictability of this approach. In view of these explicit teachings, one skilled in the art 
would not have had a reasonable expectation that preparing dimers of vancomycin and 
ceftazidime would succeed in creating a broad spectrum antibiotic compound to fight 
antibiotic resistant strains, i.e., the Examiner's stated motivation for combining the cited 
references. 

With regard to the issue of reasonable expectation of success, the Examiner has 

stated: 



One of ordinary skill would also have had a reasonable expectation of 
success based on the fact that Staroske et al teaches linking chemistry for 
vancomycin. Final Rejection at page 6. 

Presumably, the Examiner is saying that one skilled in the art would have had a 
reasonable expectation that dimers of vancomycin and ceftazidime could be prepared 
successfiilly based in the linking chemistry taught by the Staroske reference for 
vancomycin. However, this argument fails to address whether the skilled artisan would 
have had a reasonable expectation of achieving the Examiner's stated goal for the 
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modification, i.e., would the skilled artisan have had a reasonable expectation that 
preparing dimers of vancomycin and ceftazidime would create a broad spectrum antibiotic 
compound to fight antibiotic resistant strains. For the reasons enumerated above, the 
teachings of Renoud-Grappin clearly show that one skilled in the art would not have had a 
reasonable expectation that preparing dimers of vancomycin and ceftazidime would 
successfiilly create a broad spectrum antibiotic compound to fight antibiotic resistant 
strains. 

Accordingly, since the cited references clearly do not provide the requisite 
reasonable expectation of success, the Examiner has not established a prima facie case of 
obviousness for Appellants' claimed invention. 

2. Obvious to Try Is Insufficient to Establish a Prima Facie Case 
OF Obviousness 

A prima facie case of obviousness cannot be based on what the skilled artisan 
might try or find obvious to try. Rather, the proper test requires determining what the 
prior art would have led the skilled artisan to do. See, In re Fine^ 837 F.2d at 1075, 5 
USPQ2d at 1599 (Fed. Cir. 1988) ("[W]hether a particular combination might be 
'obvious to try' is not a legitimate test of patentability.") (citations omitted). 

In the present case, to support her conclusions of obviousness, the Examiner has 
cited broad, generalized teachings in the references of record which teach possible 
benefits of dimers or desirable goals or outcomes for an antibacterial research program. 
For example, the Examiner has stated: 
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Truett teaches the "linking of diverse antibiotic moieties via 
difunctional organic compounds". ..The reference teaches that the linkage 
of two antibiotic moieties can create compounds of new activity... and that 
"two antibiotics moieties can be linked in which one is known to attack 
Gram positive bacteria and another to attack Gram negative 
bacteria".... Renoud-Grappin... describes using heterodimers for 
combination therapy linked "through an appropriate spacer, in an attempt 
to combine the inhibitory capacity" of two different classes of 
molecules.... Renoud-Grappin et al also discuss combining different drugs 
to "prevent the emergence of drug-resistant virus strains".... Staroske et al 
discuss... that in "light of recent reports of vancomycin-resistant bacteria" 
there is a "strong incentive for the development of more potent 
antibiotics".... Final Rejection at pages 3-5, 

Such broad teachings regarding the desirability of combating drug-resistant strains 
of bacteria and developing more potent antibiotics do not provide the requisite motivation 
necessary to establish a prima facie case of obviousness. In particular, it is important to 
remember that Appellants' claimed invention is directed to novel chemical compounds 
having a specifically-defined chemical structure. Such broad teachings provide no 
motivation to prepare the specific compounds that are the subject of Appellants' claims. 
At best, the cited teachings merely provide an invitation to experiment in the field of 
antibiotics or dimers; or they make such dimers "obvious to try." However, the courts 
have long held that "obvious to try" or an "invitation to explore" does not create a prima 
facie case of obviousness. 

More specifically, the Federal Circuit has given the following examples of what 
would constitute an "obvious to try" modification based on the prior art: 

In some cases, what would have been 'obvious to try* would have been to 
vary all parameters or try each of numerous possible choices until one 
possibly arrived at a successful result, where the prior art gave either no 
indication of which parameters were critical or no direction as to which of 
many possible choices is likely to be successful. In others, what was 
'obvious to try' was to explore a new technology or general approach that 
seemed to be a promising field of experimentation, where the prior art 
gave only general guidance as to the particular form of the claimed 
invention or how to achieve it." In re O'Farrell, 853 F.2d 894, 903, 7 
U.S.P.Q.2d 1673, 1681 (Fed. Cir. 1988) (citations omitted). 
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In the present case, the cited references, at best, provide an invitation to explore a 
new technology or general approach and give only generalized guidance on how to 
proceed. For example, Renoud-Grappin state the following: 

In conclusion, to obtain better insights into the feasibility of the 
heterodimer approach to increase the efficacy of compounds against RT, 
chemists should explore other linkers and attachment sites for these linkers 
on both non-nucleoside and nucleoside analogues. Renoud-Grappin at 
page 219. 

Clearly, the admonition to "explore other linkers and attachment sites for these 
linkers" does not provide the necessary motivation to make Appellants' claimed 
invention, but merely suggests a possible avenue of research to be explored by those 
skilled in the art. 

In response to Appellants' suggestion that the cited reference provide an 
"invitation to experiment," the Examiner has stated the following: 

The examiner's position is that the references do indicate which 
peirameters are critical and do provide direction as to which of many 
possible choices is likely to be successful. For example, Boeckh et al 
specifically teach combination therapy with vancomycin and ceftazidime 
and that this combination therapy is used to "cover a broad spectrum of 
gram positive and gram negative bacteria", Truett teaches the "linking of 
diverse antibiotic moieties via difunctional organic compounds' and 
Renoud-Grappin teaches the heterodimer approach for combination 
therapy, and improvements thereon by exploration of "other linkers and 
attachment sites for these linkers". Final Rejection at pages 10-1 1 
(emphasis in original). 

But again, the Examiner's arguments are based on broad, generalized teachings in 
the cited references which, at best, provide only general guidance on how to explore a 
new technology or approach. This is exactly the situation the Federal Circuit 
characterized as being "obvious to try" in In re O'Farrell and as a result, not providing the 
requisite motivation to establish a prima facie case of obviousness. 

Accordingly, since the cited references, at best, provide only an "invitation to 
experiment" or make the claimed invention "obvious to try", the Examiner has not 
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established a prima facie case of obviousness for Appellants' claimed invention. 

E. Cited References Do Not Teach or Suggest All the 
Limitations of Claims 46, 54, 57 and 58 

Additionally, to establish a prima facie case of obviousness, the Examiner must 
show that the prior art reference or combination of references teach or suggest all the 
limitations of the claims. For the following reasons, the Examiner has not shown that the 
cited references, alone or when combined, teach or suggest all the limitations of at least 
Claims 46, 54, 57 and 58. 

1. P-Lactam Moieties of Claims 46, 54, 57 and 58 are not Taught 
OR Suggested by the Cited References 

Appellants' claimed invention comprises a vancomycin moiety covalently linked 
to specifically-defined P-lactam moieties. For Claims 46, 54, 57 and 58, the Examiner 
has not established a prima facie case of obviousness because none of the cited 
references, either alone or when combined, teach or suggest the specific P-lactam 
moieties required by these claims. 

Specifically, Truett teaches penicillin- and cephalosporin-type P-lactams and 
related compounds (see Truett at Column 2, lines 16 to Column 3, line 14); and Boeckh 
teaches ceftazidime, a cephalosporin-type P-lactam {see Boeckh at page 92). Renoud- 
Grappin and Staroske do not teach any p-lactam structures. 

In contrast. Appellants' Claim 46 comprises a monobactam-type p-lactam moiety. 
None of the references relied upon by the Examiner teach or suggest a monobactam-type 
P-lactam moiety or a dimer of vancomycin and a monobactam-type P-lactam moiety. 
Thus, even when the cited references are combined, they do not produce or suggest the 
subject matter of Claim 46. 

Similarly, Appellants' Claim 54 comprises a cephalosporin-type p-lactam moiety 
having a 5-chlorothiazole substituent. None of the references relied upon by the 
Examiner teach or suggest a cephalosporin-type P-lactam moiety having a 
5-chlorothiazole substituent or a dimer of vancomycin and a cephalosporin-type P-lactam 
moiety having a 5-chlorothiazole substituent. Thus, when the cited references are 
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combined, they do not produce or suggest the subject matter of Claim 54. 

Additionally, Applicants' Claim 57 comprises a cephalosporin-type p-lactam 
moiety having a specifically defined thioaryl substituent. None of the references relied 
upon by the Examiner teach or suggest a cephalosporin-type P-lactam moiety having the 
specifically-defined thioaryl substituent or a dimer of vancomycin and a cephalosporin- 
type P-lactam moiety having such a thioaryl substituent. Thus, when the cited references 
are combined, they do not produce or suggest the subject matter of Claim 57. 

Finally, Appellants' Claim 58 comprises a cephalosporin-type P-lactam moiety 
having a specifically-defined thioaryl substituent and a 5-chlorothiazole substituent. 
None of the references relied upon by the Examiner teach or suggest a cephalosporin-type 
p-lactam moiety having the specifically defined thioaryl substituent and 5-chlorothiazole 
substituent or a dimer of vancomycin and such a cephalosporin-type P-lactam moiety. 
Thus, when the cited references are combined, they do not produce or suggest the subject 
matter of Claim 58. 

Accordingly, since the cited references do not teach or suggest all the limitations 
of Claims 46, 54, 57 and 58, the Examiner has not met the burden of establishing a prima 
facie case of obviousness for the subject matter of these claims. For this reason, these 
claims are believed to be separately and independently patentable relative to each other 
and to the other claims pending in this application. 

F. Conclusions 

In summary, the Examiner has not established a prima facie case of obviousness 
for Appellants' claimed invention because she has not shown that the cited references 
provided the requisite suggestion or incentive that would have motivated the skilled 
artisan to modify the references in a manner to produce Appellants' claimed invention. 

Specifically, there is no structural similarity between Appellants' claimed 
compounds and the compounds of the cited references, so structural similarity cannot 
provide the necessary motivation to make Appellants' claimed invention. In the absence 
of structural similarity, the Examiner has attempted to piece together separate elements 
taken from the prior art to construct Appellants' claimed subject matter. However, the 
cited references, when viewed in their entirety, fail to provide the requisite motivation to 
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combine such elements in a manner that produces Appellants' claimed invention. 

More specifically, the cited references teach that extra effort is required to prepare 
dimers, but the references do not demonstrate any actual advantage to be gained from 
dimers. Rather than motivating the skill artisan to prepare dimers of antibiotics, the cited 
references teach that physical mixtures of antibiotics, such as vancomycin and 
ceftazidime, are an "effective regimen" for treating bacterial infections. Thus, the cited 
references actually provide motivation to the skilled artisan to explore physical mixtures 
of antibiotics as opposed to dimers. 

Moreover, any appearance of motivation to make dimers of vancomycin and 
ceftazidime created by the cited references diminishes when one realizes that the 
Examiner has improperly used hindsight knowledge of Appellants' claimed invention as a 
guide through the maze of prior art references teaching synergistic combinations of 
antibiotics. Nothing of record supports the conclusion that one skilled in the art would 
have been led to select vancomycin and ceftazidime for the preparation of dimers in 
preference to any of the other known synergistic combinations of antibiotics. 

Additionally, none of the cited references provide one of ordinary skill in the art 
with a reasonable expectation that preparing dimers of vancomycin and ceftazidime 
would create a broad spectrum antibiotic to fight antibiotic resistant strains. To the 
contrary, the cited references provide direct evidence of the failure of the dimer approach 
and identify numerous factors that contribute to the impredictability of this approach. At 
best, the generalized teachings of the cited references provide an "invitation to explore" 
the field of antibiotic dimers or make such dimers "obvious to try," but "obvious to try" a 
general field of research is not the required standard. Therefore, for this reason as well, 
the Examiner has not proven a prima facie case of obviousness for Appellants' claimed 
invention. 

Finally, the cited references, either alone or when combined, do not teach or 
suggest the specific P-lactam moieties found in Claims 46, 54, 57 and 58. Since the cited 
references do not teach or suggest all the limitations of these claims, the Examiner has not 
met the burden of establishing a prima facie case of obviousness for the subject matter of 
these claims. 
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Accordingly, for the foregoing reasons. Appellants respectfiilly request that the 
Board reverse the Examiner's rejection of Claims 41-46, 49-51, 53-55, 57 and 58 as 
unpatentable under 35 U.S.C. § 103(a). 

Respectfully submitted, 
Thera VANCE, Inc. 



Dated: December 13 , 2002 



Thera VANCE, Inc. 

901 Gateway Blvd. 

South San Francisco, CA 94080 

(650) 808-6000 

(650) 808-6078 (Fax) 



By 





Rtg)k^>35rl^5 
(650) 808-6406 
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Appendix A 



The Appealed Claims 



41. 



A compound of the formula: 



L'-X'-L 



or a pharmaceutically acceptable salt thereof; wherein 
L' is a moiety selected from the group consisting of: 
(i) a moiety of formula (a): 




(a) 



wherein: 



R is selected from the group consisting of substituted alkyl, aryl, aralkyl, and 
heteroaryl wherein each of said substituents optionally links (a) to the linker via a 
covalent bond or R is a covalent bond that links (a) to the linker; and 

R^ and R^ are, independently of each other, alkyl or at least one of R' or R^ is a 
covalent bond linking (a) to the linker provided that only one of R, R* or R^ links said 
moiety to said linker; 

(ii) a moiety of formula (b): 




(b) 



COOH 



wherein: 



one of P and Q is O, S, or -CH2- and the other is -CH2-; 
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is selected from the group consisting of substituted alkyl, heteroarylalkyl, 
aralkyl, heterocyclylalkyl, and -C(R^)=NOR^, wherein R^ is aryl, heteroaryl, or substituted 
alkyl and R^ is alkyl or substituted alkyl and further wherein each of said substituents 
optionally links (b) to the linker via a covalent bond or is a covalent bond that links (b) 
to the linker; and 

R'* is selected from the group consisting of hydrogen, alkyl, alkenyl, substituted 
alkenyl, substituted alkyl, halo, heteroarylalkyl, heterocyclylalkyl, -SR^ and -CH2SR^ 
where R^ is aryl, heteroaryl, heterocyclyl or cycloalkyl wherein each of said substituents 
optionally links (b) to the linker or R'* is a covalent bond that links (b) to the linker 
provided that only one of said R^ substituents or covalent bond and R"* substituents or 
covalent bond links said moiety to said linker; and 

R^ is selected from the group consisting of hydrogen, hydroxy, and alkoxy; 

(iii) a moiety of formula (c): 

H OH 




O COOH 



wherein: 

T is S or CH2, 
R^" is alkyl; 

W is selected from the group consisting of O, S, -OCH2-, and CH2; and 

R^ is -(alkylene)-NHC(R*')=NH where R'' is a covalent bond that links (c) to the 

linker; or -W-R^ is a covalent bond that links (c) to the linker provided that only one of 

R*' or -W-R^ binds said moiety to said linker; 
(iv) a moiety of formula (d): 
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wherein: 

and R'^ are alkyl; 

R^^ is selected from the group consisting of hydrogen, alkyl, substituted alkyl, 
halo, aryl, heteroaryl, heterocyclyl, aralkyl, heteroaralkyl, heterocyclylalkyl and -CH2SR'', 
where R^ is aryl, heteroaryl, heterocyclyl or cycloalkyl wherein each of said substituents 
optionally links (d) to the linker or at least one of R^ and R^** is a covalent bond that links 
(d) to the linker; or 

R^ and R^**, together with the carbon atoms to which they are attached, form an 
aryl, heteroaryl, cycloalkyl, substituted cycloalkyl, or heterocyclyl ring of from 4 to 7 ring 
atoms wherein one of the ring atoms optionally links (d) to the linker provided that only 
one of said substituents, ring atoms, R^ or R*^ links said moiety to said linker; and 

(v) a moiety of formula (e): 



R12 




wherein: 

R* ^ is selected from the group consisting of -SO3H or -(alkylene)-COOH; 

R'^ is selected from the group consisting of alkyl, substituted alkyl, haloalkyl, 
alkoxy, aryl, aralkyl, heteroaryl, heteroaralkyl, cycloalkyl, substituted cycloalkyl, and 
heterocyclyl wherein each of said substituents optionally binds (e) to the linker or R*^ is a 
covalent bond that links (e) to the linker; 

R*^ is selected from the group consisting of alkyl, acyl, or -COC(R*'*)=N-OR*^ 
wherein R^"^ is aryl or heteroaryl which optionally links (e) to the linker, and R*^ is - 
(alkylene)-COOR*^ wherein R**^ is hydrogen or a covalent bond that optionally links (e) to 
the linker or R'^ is a covalent bond that links (e) to the linker provided that only one of 
R'^, R'^, R"* or R^^ links said moiety to said linker; 

L" is an optionally substituted vancomycin moiety or an aglycon derivative of an 
optionally substituted vancomycin moiety, wherein L" is attached to the linker at a 
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position selected from the group consisting of the carboxy terminus, the amino terminus, 
the dihydroxyphenyl ring, the saccharide amino group and the aglycone hydroxy terminus; 
and 

. X' is a linker of the formula: 

-X"-Z"-(Y^-Z")^,-X^- 

wherein 

is an integer of from 0 to 20; 

X^ at each separate occurrence is selected from the group consisting of -0-, -S-, 
-NR'-, -C(0)-, -C(0)0-, -0C(0)-, -C(0)NR'-, -NR'C(O)-, C(S), -C(S)0-, -C(S)NR'-, 
-NR'C(S)-, and a covalent bond; 

at each separate occurrence is selected from the group consisting of alkylene, 
substituted alkylene, cycloalkylene, substituted cylcoalkylene, alkenylene, substituted 
alkenylene, alkynylene, substituted alkynylene, cycloalkenylene, substituted 
cycloalkenylene, arylene, heteroarylene, heterocyclene, and a covalent bond; 

each at each separate occurrence is selected from the group consisting of -0-, 
-C(0)-, -0C(0)-, -C(0)0-, -NR'-, -S(0)n-, -C(0)NR'-, -NR'C(O)-, -NR'C(0)NR'-, 
-NR'C(S)NR'-, -C(=NR')-NR'-, -NR'-C(=NR')-, -OC(0)-NR'-, -NR'-C(0)-0-, 
-P(0)(OR')-0-, -0-P(0)(OR'K -S(0)„CR'R"-, -S(OVNR'-, -NR'-S(0)„-, -S-S-, and a 
covalent bond; where « is 0, 1 or 2; and 

R' and R" at each separate occurrence are selected from the group consisting of 
hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl, alkenyl, substituted 
alkenyl, cycloalkenyl, substituted cycloalkenyl, alkynyl, substituted alkynyl, aryl, 
heteroaryl and heterocyclic; 

provided that when L" is a vancomycin moiety attached via its carboxyl group to 
the linker, then L' is not a cefalexin moiety attached to the linker via acylation of its a- 
amino group. 



Appendix A-4 



Application No. 09/457.926 
Attorney's Docket No. P-061-R2 



42. The compound of Claim 4 1 , wherein the p-lactam moiety has the formula: 



H 



■^COOH 



wherein: 



and are methyl; and 
R is selected from the group consisting of: 



(i) 



)17 



-CH2- 



(ii) 




OCH; 



(iii) 



OCH-: 



0CH3 



(iv) 




CH- 



NHR 



18 
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\ 



\ 



OC2H5 



CH- 



COOR^^ 
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and 




C2H5 

wherein: 

R*^ is a covalent bond that Hnks the P-lactam moiety to a linker; 
one of R^^ and R*^ is hydrogen and the other is a covalent bond that links the p- 
lactam moiety to a linker; and 

R^** and R^^ are independently selected from the group consisting of hydrogen and 

chloro. 

43. (Amended) The compoxmd of Claim 41, wherein L' is a moiety of the 
formula: 




where: 

R^ and R"* are selected from the group consisting of: 
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-CH2OCOCH3 



N N 
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(xi) 




Y 




S 



R 



,33 



'n 



wherein: 
R is alkyl; 

R*^ is a covalent bond that links the L' moiety to the linker; 
R*^ and R*^ are hydrogen or alkyl; 

R^^ and R^' are, independently of each other, hydrogen or alkyl; or together with 
the nitrogen atom to which they are attached form a heterocycloamino group; 
R'' is alkyl; 
R^^ is alkylene; 
X is halo; 

Y is hydrogen or halo; 
Z is CH or N; 
m is an integer from 1 to 5; 
is 0 or 1 ; 

and further wherein one of R^^ R^^ R^^ R^^ R^^ and R^^ is a covalent bond that 
links the L' moiety to the linker. 

44. The compound of Claim 41, wherein the P-lactam moiety has the formula: 




wherein R** is a covalent bond linking the P-lactam moiety to the linker. 
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45 The compound of Claim 41, wherein the p-lactam moiety has the formula: 




wherein is selected from the group consisting of: 
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(vi) 
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o 



(vii) 




N(CH3)2 



R 
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wherein: 

R^^ is a covalent bond that links the p-lactam moiety to the linker; 
one of R^"* and R^^ is hydrogen, alkyl, substituted alkyl, or aralkyl, and the other is 
a covalent bond that links the P-lactam moiety to the linker; and 
R2^ is alkyl. 

46. The compound of Claim 41, wherein the p-lactam moiety has the formula: 

?H3 



wherein one of R^* and R^^ is hydrogen and the other links the p-lactam moiety to 
the linker. 




SO3H 
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49. The compound according to Claim 41 wherein L" is a vancomycin moiety 
which is attached to the linker at the saccharide amino group of the vancomycin moiety. 

50. The compound according to Claim 41, wherein L" is a vancomycin moiety 
which is attached to the linker at the amino terminus of the vancomycin moiety. 

5 1 . The compound according to Claim 41 , wherein L" is a vancomycin moiety 
which is attached to the linker at the carboxy terminus of the vancomycin moiety. 

53. A compound of the formula: 

L'-X'-L" 

or a pharmaceutically acceptable salt thereof; wherein 
L' is a moiety of the formula: 

R19 



o 

r COOH ^ — ^ 



wherein 

Y is selected from the group consisting of hydrogen and halogen; 

R^^ and R'^ are selected from the group consisting of hydrogen or alkyl provided 
that one of R*^ and R^^ is a covalent bond which links the L' moiety to the linker; and 

L" is a vancomycin moiety, wherein L" is attached to the linker at a position 
selected from the group consisting of the carboxy terminus, the amino terminus, the 
dihydroxyphenyl ring and the saccharide amino group of the vancomycin moiety; and 



Appendix A- 1 5 



Application No. 09/457,926 
Attorney's Docket No. P-061-R2 



X' is a linker of the formula; 

-X^-Z^-(Y^-ZX'-X^- 

wherein 

w ' is an integer of from 0 to 20; 

at each separate occurrence is selected from the group consisting of -0-, -S-, 
-NR'-, -C(0)-, -C(0)0-, -0C(0)-, -C(0)NR'-, -NR'C(O)-, C(S), -C(S)0-, -C(S)NR'-, 
-NR'C(S)-, and a covalent bond; 

at each separate occurrence is selected from the group consisting of alkylene, 
substituted alkylene, cycloalkylene, substituted cylcoalkylene, alkenylene, substituted 
alkenylene, alkynylene, substituted alkynylene, cycloalkenylene, substituted 
cycloalkenylene, arylene, heteroarylene, heterocyclene, and a covalent bond; 

each at each separate occurrence is selected from the group consisting of -0-, 
-C(0)-, -0C(0)-, -C(0)0-, -NR'-, -S(0)n-, -C(0)NR'-, -NR'C(OK -NR'C(0)NR'-, 
-NR'C(S)NR'-, -C(=NR')-NR'-, -NR'-C(=NR')-, -OC(0)-NR'-, -NR'-C(0)-0-, 
-P(0)(OR')-0-, -0-P(0)(OR')-, -S(0)„CR'R"-, -S(OX-NR'-, -NR'-S(0)„-, -S-S-, and a 
covalent bond; where « is 0, 1 or 2; and 

R' and R" at each separate occurrence are selected from the group consisting of 
hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl, alkenyl, substituted 
alkenyl, cycloalkenyl, substituted cycloalkenyl, alkynyl, substituted alkynyl, aryl, 
heteroaryl and heterocyclic. 

54. The compound according to Claim 53, wherein Y is halogen. 

55. A pharmaceutical composition comprising a pharmaceutically acceptable 
carrier and a therapeutically effective amount of a compound of any of Claims 41-46, 49- 
51,53, 54, 57 or 58. 
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57. A compound of the formula: 

L'-X'-L" 



or a pharmaceutically acceptable salt thereof; wherein 
L' is a moiety of the formula: 

O — 




wherein 

Y is selected from the group consisting of hydrogen and halogen; 
Zis CH orN; 

R*^ is a covalent bond that links the L' moiety to the linker; 

R'^ and R^^ are selected from the group consisting of hydrogen or alkyl; 

w is an integer from 1 to 5; 

L" is a vancomycin moiety, wherein L" is attached to the linker at a position 
selected from the group consisting of the carboxy terminus, the amino terminus, the 
dihydroxyphenyl ring and the vancosamine amino group of the vancomycin moiety; and 

X' is a linker of the formula: 

-X"-Z"-(Y^-Z^)^,-X"- 

wherein 

/n ' is an integer of from 0 to 20; 

X^ at each separate occurrence is selected from the group consisting of -0-, -S-, 

Appendix A- 1 7 



Application No. 09/457,926 
Attorney's Docket No. P-061-R2 



-NR'-, -C(0)-, -C(0)0-, -0C(0)-, -C(0)NR'-, -NR'C(O)-, C(S), -C(S)0-, -C(S)NR'-, 
-NR'C(S)-, and a covalent bond; 

Z"* at each separate occurrence is selected from the group consisting of alkylene, 
substituted alkylene, cycloalkylene, substituted cylcoalkylene, alkenylene, substituted 
alkenylene, alkynylene, substituted alkynylene, cycloalkenylene, substituted 
cycloalkenylene, arylene, heteroarylene, heterocyclene, and a covalent bond; 

each at each separate occurrence is selected from the group consisting of -0-, 
-C(0)-, -0C(0)-, -C(0)0-, -NR'., -S(0)n-, -C(0)NR'-, -NR'C(O)-, -NR'C(0)NR'-, 
-NR'C(S)NR'-, -C(=NR')-NR'-, -NR'-C(=NR'K -OC(0)-NR'-, -NR'-C(0)-0-, 
-P(0)(OR')-0-, -0-P(0)(OR'K -S(0)„CR'R"-, -S(0)„-NR'-, -NR'-S(0)„-, -S-S-, and a 
covalent bond; where n is 0, 1 or 2; and 

R' and R" at each separate occurrence are selected from the group consisting of 
hydrogen, alkyl, substituted alkyl, cycloalkyl, substituted cycloalkyl, alkenyl, substituted 
alkenyl, cycloalkenyl, substituted cycloalkenyl, alkynyl, substituted alkynyl, aryl, 
heteroaryl and heterocyclic. 

58. The compound according to Claim 57, wherein Y is halogen. 
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Antimicrobial Combinations 



GEORGE M. ELIOPOULOS 
ROBERT C. MOELLERING, JR. 



Antimicrobial combinations are used most frequently 
to provide broad-spectrum empiric coverage in the treat- 
ment of patients who are seriously ill and who may be 
septicemic. Less frequently, combinations of antimicro- 
bials are chosen because an identified pathogen is resis- 
tant to inhibition and/or killing by conventional doses of 
single antimicrobials but against it the combination may 
exert the desired antimicrobial activity. In both instances, 
the clinical outcome may depend on the effects 
of antimicrobial combinations against individual 
microorganisms. 

In this chapter, we examine the effects of antimicro- 
bial combinations against single microorganisms in vitro. 
Because specific antimicrobial combinations may be use- 
ful against several different microorganisms, we have 
discussed the various antimicrobial combinations in the 
text according to their presumed mechanism of interac- 
tion. Data on the activities of combinations against spe- 
cific pathogens are provided in Table 9.7 at the end of 
the chapter (organized by the genus and species of the 
pathogen). 

Two tj^s of antimicrobial interactions have been ex- 
cluded from consideration and are not discussed. The first 
is enhanced effectiveness of an antimicrobial due to an- 
other drug that interferes with the elimination or metab- 
olism of the first drug but is not itself an antimicrobial, 
e.g., the increased penicillin activity produced in vivo by 
probenecid (which does not have antimicrobial activity 
at clinically relevant concentrations), which interferes 
with excretion of penicillin by the kidney (250). The sec- 
ond is the inactivation of one antimicrobial by another, 
unrelated to the presence of a microorganism, e.g., the 
inactivation of aminoglycosides by penicillins by a 
mechanism involving nucleophilic substitution (331, 
556). This reaction proceeds readily in vitro (192) if these 
antimicrobials are stored in the same infusion bottle for 
prolonged periods (more than 6 to 8 hours) (331). How- 
ever, it is insignificant in vivo unless the usually rapid 
excretion of both drugs by the kidney is markedly re- 
duced. For this reason, it is important to measure serum 
aminoglycoside levels in patients with renal failure who 



are receiving (3-lactam/aminoglycoside combinations 
(116, 455), to ensure that the desired serum aminogly- 
coside concentrations are being maintained. We begin by 
examining the reasons for the use of antimicrobials in 
combination. 



RATIONALES FOR THE USE OF 
ANTIMICROBIAL COMBINATIONS 
Decreased Emergence of 
Resistant Strains 

Antibiotics are sometimes used in combination in an 
attempt to prevent or delay the in vivo emergence of 
drug-resistant subpopulations of the pathogenic organ- 
ism. With the simultaneous use of two or more agents 
against which bacteria develop resistance by different 
mechanisms, the probability that colonies will emerge 
resistant to all of the antimicrobials employed is theoret- 
ically very low. This is best illustrated in the treatment 
of tuberculosis, where simultaneous treatment with mul- 
tiple drugs clearly reduces the risk of infection with re- 
sistant strains (336, 488, 492, 575). This rationale is often 
discussed for other combinations and may be relevant for 
combinations containing rifampin, an agent to which 
many bacteria readily develop resistance if it is used 
alone. For example, combinations of rifampin with van- 
comycin and/or other antibiotics have been used suc- 
cessfully in the treatment of prosthetic valve endocarditis 
due to coagulase-negative staphylococci. Although use 
of such combinations does in fact appear to suppress the 
emergence of rifampin resistance in the infecting patho- 
gen, some clinical failures associated with the develop- 
ment of resistant strains have been described (88, 258). 
This may be due to the emergence of resistant clones in 
deep foci of infection into which there may be differential 
penetration of rifampin. Similarly, combination of oxa- 
cillin with rifampin suppresses the emergence of Staph- 
ylococcus aureus populations resistant to the latter, de- 
spite the fact that rifampin demonstrates a tendency to 
antagonize the bactericidal activity of the p-lactam (316). 
There are also data to support this rationale for the use 
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of antimicrobial combinations in the treatment of Pseu- 
domonas pneumonia. Data from several studies indicate 
that treatment with a p-lactam alone (ticarciliin, carben- 
iciliin, moxalactam. cefotaxime, piperacillin, or cefop- 
erazone) is associated with the emergence of Pseudo- 
monas aeruginosa resistant to p-lactams (152, 206, 233, 
440, 485, 495, 552). Although several experimental and 
clinical studies have produced evidence that combination 
therapy of P, aeruginosa infections with a p-lactam plus 
an aminoglycoside can reduce the incidence of resistance 
to either component of the combination (181, 2()4, 249, 
330, 425), results of other studies have not supported this 
conclusion (39, 49, 90). Nevertheless, in addition to any 
benefit that may arise from suppression of drug-resistant 
colonies when infections due to Gram-negative bacteria 
are treated with combinations of antimicrobials, such 
combinations may also exhibit synergistic inhibitory or 
bactericidal activity, as discussed below. 

D creased Dose-Related Toxicity as a 
Result of Reduced Dosage 

. Several important antimicrobials have significant 
dose-related toxicities that seriously limit their use, e.g., 
chloramphenicol, 5-fluorocytosine (marrow suppres- 
sion), aminoglycosides, and sulfonamides (nephrotox- 
icity). Therefore, there are theoretical grounds on which 
to attempt reduction in the dose of a potentially toxic 
antimicrobial while using an additional agent to ensure a 
successful clinical outcome. This approach is exempli- 
fied by the former use of sulfonamide combinations (tri- 
ple sulfonamides) to reduce the incidence of crystalluria 
with stone formation (301, 302, 334). The success of 
such regimens — now of historical interest only — was 
based on the fact that the solubilities of the three sulfon- 
amides (sulfadiazine, sulfamerazine, and sulfamethia- 
zine) are independent of one another, although their an- 
tibacterial effects are cumulative (301, 573). At present, 
there are few antimicrobial combinations that permit a 
significant reduction in the dose of the toxic antimicro- 
bial (usually an aminoglycoside) without compromising 
antimicrobial activity. The more recent approach has 
been to develop newer agents with intrinsically superior 
safety profiles, which may in many cases be substituted 
for older, more toxic agents. For example, it may be pos- 
sible to substitute a p-lactam (or a fluoroquinolone) for 
an aminoglycoside (for Gram-negative bacillary cover- 
age) in some antibiotic regimens (457). 

P lymicrobiai infection 

Another important use of antimicrobial combinations 
is in the treatment of documented or suspected mixed 
(polymicrobial) infections. In some polymicrobial infec- 
tions, it may be necessary to treat with agents active 
against each of several major pathogens. A classic ex- 
ample of this is the rat peritonitis model, in which treat- 
ment with agents active against both Enterobacteriaceae 
and anaerobes is necessary. One drug, such as a cepha- 
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losporin or aminoglycoside, protects against early death 
from the peritonitis and septicemia caused by the former 
group of organisms. A second drug, such as clindamycin 
(which is active against anaerobes, particularly Bacte- 
roides fragilis), prevents late abscess formation (320). 
Although such combinations are still frequently em- 
ployed, the development of newer agents such as imi- 
penem, which is broadly active against both components 
of mixed infections, now permits successful monother- 
apy of many polymicrobial infections. 

Antimicrobial combinations (or equivalent broad- 
spectrum single agents) may not always be necessary for 
the treatment of polymicrobial infections. Several studies 
have shown penicillin alone to be effective for the treat- 
ment of lung abscess, even when both penicillin-suscep- 
tible Gram-positive cocci and penicillin-resistant B. fra- 
gilis are present (35), although later studies suggest that 
clindamycin (which is usually active against both groups 
of organisms) may be more effective than penicillin for 
the treatment of some cases of lung abscess (305). It is 
important to note that the polymicrobial nature of many 
supposedly mixed infections is defined poorly, if at all, 
and the patient often receives empirical broad-spectrum 
coverage for an undefined infection. In evaluating such 
combinations, one would seek to determine whether the 
drugs being used together potentially interfere with one 
another in vitro (see the individual, sections below on 
antimicrobial antagonism and specific combinations). 

Antimicrobial Synergism 

I Antimicrobial combinations were first used to treat 

' patients early in the antibiotic era when it became ap- 
: parent that not all infections responded to treatment with 
sulfonamides, penicillin, or streptomycin used alone. De- 
spite its obvious empiricism, some of this early experi- 
ence was remarkably successful, as illustrated by the dis- 
covery and study of the synergistic bactericidal activity 
I of penicillin and streptomycin against enterococci by 
Hunter (239, 240) and Jawetz et al. (246-248). This use 

r 

of antimicrobial combinations to achieve in vitro activity 
; and clinical efficacy against organisms resistant to inhi- 
r bition and/or killing by acceptable (i.e., nontoxic) con- 
l centrations of single agents continues to be the subject 
of intensive investigation and a matter of great clinical 
r relevance. 

There is now a considerable body of literature per- 
taining to the role of antimicrobial synergism in the treat- 
ment of infections due to a wide variety of Gram-positive 
and Gram-negative organisms. However, in addition to 
5 the well-documented value of synergistic bactericidal 
1 combinations of penicillin (or ampicillin or vancomycin) 
plus streptomycin or gentamicin for the treatment of en- 
5 terococcal endocarditis (367, 368, 571) and the obvious 
merit of fixed combinations such as trimethoprim (TMP)/ 
sulfamethoxazole (SMZ) in selected situations (72), there 
s are surprisingly few circumstances in which in vitro doc- 
umentation of antimicrobial synergism has been highly 
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Table 9.1 

Quantitative Definitions of Results with Antimicrobial Combinations" 



Checkerboard 



Kinetic Methods 



Assumptions 

Assumes linear (or identical) dose-response curves for 
at) drugs tested 

AdditMty 

The result with two drugs is equal to the sum of the 
results for each of the drugs used separately, as 
defined by 

FICa + FICb = 1.0 

Autonomy (indifference) 
The result with two drugs does not significantly differ 
from the result with the most effective drug alone 

FICa + FICb = FICa or FICa 

Antagonism 

The result with two drugs is significantly less than the 
additive response 

FICa + FICb> 1.0 

Synergism 

The result with two drugs Is significantly greater than 
the additive response 

FICa + FICb ^ 0.5 



Do not assume linear or identical dose-response curves 



The result with two drugs is equal to the combined 
activity of each of the drugs used separately, as 
defined by 



9{A + B) 



9o 



The result with two drugs equals the effect of the more 
active drug used alone 

^(A + B) = P<A) or £f(B) 

The result with two drugs is significantly less than the 
autonomous response 

9(A + B) > P(A) or g^B) 

The result with two drugs is significantly greater than the 
additive response 



ff(A + B> < 



9o 



Modified from King, Schlessinger, and Krogstad (Ref. 266) with permission of the Reviews of infectious Diseases and the University of 
Chicago Press. (© 1 981 , The University of Chicago.) 

'FICa and FICb are this fractional inhibitory concentrations of drugs A and B (the amount of each drug necessary to inhibit growth when 
combined with the other, divided by its minimum inhibitory concentration, defined in Table 9.4). g^, p^. 9b, and + b) represent the growth 
constants observed in the absence of antimicrobials {go), with dnig A alone (Pa). drug B alone (Qb), and with both drugs A and B {gA + b)- 



predictive of superior clinical efficacy. Potential advan- 
tages of synergistic combinations in the treatment of in- 
fections due to Gram-negative bacilli (particularly F, 
aeruginosa) have been observed primarily in neutropenic 
patients (8, 91, 122, 294), Even among this group, how- 
ever, it remains uncertain whether such apparent benefits 
accrue from synergistic interactions per se or arise in- 
stead from the superior serum bactericidal activity of cer- 
tain combinations, relative to those attainable with indi- 
vidual agents. The significance of this admittedly subtle 
distinction lies in the fact that serum bactericidal titers 
against various Gram-negative pathogens that can be at- 
tained with several of the newer p-lactam antibiotics may 
actually exceed those achieved with combinations of 
aminoglycosides with older p-lactams (551). (These is- 
sues are discussed further in Reference 1 39.) 

Further stimulus for study of antimicrobial interac- 
tions derives from the increasing awareness that certain 
combinations of agents may, in fact, yield antagonistic 
effects. A classic example of such effects emerges from 
studies by Lepper and Dowling (304), who found that the 
addition of chlortetracycline markedly reduced the sur- 
vival rate of children treated with penicillin for pneu- 
mococcal meningitis from 79% to 21%. More relevant 
to recent practice, however, are observations document- 



ing the potential for antagonistic interactions between 
two p-lactam antibiotics used in combination against 
Gram-negative bacteria possessing inducible (derepres- 
sible), chromosomally mediated P-lactamases (194, 473, 
474, 476-479). 

Based on the preceding comments, it should be ap- 
parent that situations arise requiring verification of syn- 
ergistic interactions between two antimicrobials against 
an infecting microorganism. Equally important, in vitro 
studies may be utilized to exclude antagonistic interac- 
tions between antibiotics when these cannot be accu- 
rately anticipated from general knowledge of drug char- 
acteristics. Several methods have l>een developed to 
assess such potential drug interactions either quantita- 
tively or qualitatively. 

Definitions of Antimicrobial 
Interactions In Vitro 

Despite differences in experimental methods and the 
criteria used to define quantitatively the results of anti- 
microbial combinations, there is general agreement on 
qualitative definitions of synergism and antagonism. 
Synergism is a positive interaction; the combined effect 
of the drugs being examined is significantly greater than 
the expected result, based on their independent effects 
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when the drugs are used separately (Table 9.1). Antag- 
onism is a negative interaction; the combined effect of 
the drugs being examined is significantly less than their 
independent effects when they are tested separately. 

Many of the problems involved in assessing antimi- 
crobial combinations result from uncertainty about the 
expected result with combinations in which there is no 
significant interaction between the antimicrobials being 
tested, whether that result should be described as addi- 
tivity, indifference, or autonomy. Additivity is the basis 
of the checkerboard system and assumes that the result 
observed with more than one drug should be the sum of 
the separate effects of the drugs being tested if those 
drugs do not interact with one another. Autonomy (or 
indifference) is based on the idea that only one metabolic 
pathway can be growth rate-limiting for an organism at 
a time (266). Based on this observation, autonomy sug- 
gests that the combined effect of drugs that do not inter- 
act with one another should be simply the effect of the 
more (most) active drug alone (Table 9.1) (265, 266). 

LABORATORY METHODS USED TO 
ASSESS THE ACTIVITY OF 
ANTIMICROBIAL COMBINATIONS 
Ch ckerboard 

The checkerboard (or chessboard) method is the tech- 
nique that has been used most frequently to assess anti- 
microbial combinations in vitro (179, 463). presumably 
because {d) its rationale is easy to understand, {b) the 
mathematics necessary to calculate and interpret the re- 
sults are simple, (c) it can be readily performed in clinical 
laboratories using microdilution systems that are obtain- 
able commercially, and {d) it has been the technique most 
frequently used in studies that have suggested an advan- 



tage of synergistic therapy in the treatment of neutropenic 
patients with Gram-negative septicemia (269, 294). The 
term ** checkerboard'* refers to the pattern (of tubes or 
microliter wells) formed by multiple dilutions of the two 
antimicrobials being tested, in concentrations equal to, 
above, and below their minimal inhibitory concentrations 
(MICs) (for a definition of this term, see Chapter 2) for 
the organisms being tested (Fig. 9.1). 

The concentrations tested for each antimicrobial typ- 
icallyjange from four or five dilutions below the MIC to 
twice the MIC (or higher if antagonism is suspected), 
using twofold dilutions of each antimicrobial. Also in- 
cluded is a row (or column) of tubes or microtiter wells 
for each drug without any antimicrobial. Thus, the check- 
erboard consists of columns in which each tube (or well) 
contains the same amount of the drug (drug A) being 
diluted along the x axis and rows in which each tube (or 
well) contains the same amount of the drug (drug B) 
being diluted on the y axis (Fig. 9.1). The result is that 
each square in the checkerboard (which represents one 
tube or well) contains a unique combination of the two 
drugs being tested. (Although we have expressed the an- 
timicrobial concentrations as multiples or fractions of the 
MIC in Fig. 9.1, they are usually expressed in micro- 
grams per milliliter.) The dilutions of the antimicrobials 
being tested are usually performed in Mueller-Hinton 
broth or another suitable broth for bacterial studies, so 
that the drug-containing solutions can be mixed with 
drug-free medium to produce the final concentrations 
designated on the diagram (179, 463). As noted below 
(in ** Modifications of the Checkerboard Technique**), 
this technique may be performed with liquid or semisolid 
(agar) media, with microtiter trays rather than racks of 
test tubes, using other than twofold dilutions, using more 
than two drugs, and with organisms other than bacteria. 
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Figure 9.1. Checkerboard technique. In the 
checkerboard, serial dilutions of two drugs are per- 
formed using drug concentrations proportional to 
the MICs of the drugs being tested. (Although usu- 
ally expressed in micrograms per milliliter, the con- 
centrations of drugs A and B are expressed here 
as multiples of the MIC.) 
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Broth Method 

With test tubes, it is convenient to use a final volume 
of 1 .0 mL in each tube: 0.5 mL of broth containing anr 
timicrobials (0.25 mL of broth for each drug if two drugs 
are being tested) and 0.5 mL of broth containing a sus- 
pension of the organism to be tested. Because the final 
volume (1-0 mL) is four times as great as the volume of 
broth for each antimicrobial (0.25 mL) with this method, 
the antimicrobial concentrations used in the initial (stock) 
solutions should be fourfold greater than the desired final 
concentrations. For example, if the MIC of drug A (Fig. 
9.1) is 1.0 |jLg/mL, the concentration of drug A in the 
solution added to the tubes in the far right column of the 
figure should be 8.0 |jig/mL to produce a final concentra- 
tion of 2.0 |xg/mL, which is twice the MIC of the organ- 
ism being tested. Similarly, the inoculum of the bacterial 
suspension added to each tube (in 0.5 mL of broth) 
should be approximately 2 X 10^ colony-forming units 
(CFU)/mL after the addition of an equal volume of the 
antimicrobial solutions. If broth dilution studies are being 
performed to assess bactericidal activity by culturing a 
10-fxL sample for more than 99.9% killing, a final in- 
oculum between 3 and 10 X 10^ CFU/mL ensures greater 
accuracy of test results (424). 

With a series of antimicrobial solutions containing 
four times the desired final concentrations, one can then 
produce the desired range of drug concentrations. Instead 
of making a separate set of dilutions for each tube, most 
workers find it more convenient to prepare larger vol- 
umes of the working (4X) antimicrobial solutions and to 
add an aliquot of those solutions to each tube in the ap- 
propriate row or column (as noted in Table 9.2). For ex- 
ample, one would add 0.25 mL of the 8.0 jxg/mL solution 
of drug A to each tube in the far right column of Figure 
9. 1 . Similarly, if one were using an automated device to 
prepare a series of microtiter plates for checkerboard test- 
ing, the 8.0 ^tg/mL solution of drug A would be added 
to each of the tubes in the far right column of the ma- 
chine. Although this dilution scheme is easy to under- 
stand, it can be readily modified when it is desirable to 
work with different final or transfer volumes of antimi- 
crobials or bacteria. 

Although the dilutions used in the checkerboard are 
exponential (by powers of two) (Fig. 9.1), the results of 
checkerboard testing are interpreted by the pattern they 
form on the isobologram. (which converts those data from 
an exponential [logarithmic] scale to an arithmetic one) 
(Fig. 9.2) (266). In Figure 9.2, A to C, experimental re- 



sults are shown (shading indicates observable growth) 
that correspond to additive (Fig. 9.2/i), synergistic (Fig. 
9.2B), and antagonistic (Fig. 9.2C) interactions, as dia- 
grammed in the isobolograms in Figure 9.2, D, E, and F, 
respectively. The isobologram is constructed as follows. 
For each concentration of drug along the x axis (plotted 
as the X coordinate), the lowest concentration of the drug 
diluted along the y axis that inhibits growth in the column 
of tubes is taken as the y coordinate of this plot. An 
isobologram is constructed by connecting the series of 
coordinate points generated for each drug combination. 

Agar Dilution Method 

The principles of the techniques outlined above can 
also be adapted for use in an agar dilution system. This 
method may be advantageous when a large number of 
strains are to be tested against a limited number of anti- 
biotic combinations. The volume of the bacterial inocu- 
lum does not enter into the calculations used to determine 
the dilution of the initial antimicrobial stock solutions 
with this method, because the inoculum is applied to the 
surface of the agar plate. Therefore, some workers mix 
equal parts of molten agar containing each of the drugs 
being tested, using stock concentrations twice the desired 
final concentrations. If antimicrobials are added to the 
agar after it has been autoclaved, the agar should first be 
allowed to cool to 50°C to 55*'C in a water-bath to prevent 
loss of activity with antimicrobials susceptible to heat 
(539). As discussed for broth testing, serial twofold di- 
lutions can then be carried out with plain agar to obtain 
the desired range of drug concentrations. However, serial 
dilutions in agar are tedious and difficult to perform ac- 
curately. Therefore, it is often more convenient and more 
accurate first to dilute the antimicrobials in broth and then 
to add that broth (containing antimicrobials) to the mol- 
ten agar. In order to maintain the desired concentrations 
of both agar and antimicrobials, the volume of broth 
(containing antimicrobial) added to the agar should be 
small (i.e., ^5% of the total volume). Thus, the concen- 
tration of the antimicrobial in the broth added to the agar 
suspension should be >:20 times the desired final anti- 
microbial concentration in the agar (Table 9.3). 

After the agar plates have been poured and allowed 
to cool and dry, the bacteria to be tested can be applied 
to the agar surface with a replicating device designed to 
deliver a standard inoculum (usually approximately 10* 
CFU) (560). The surface of the agar plate must be dry 
before the inoculum is applied, because a watery film 



Table 9.2 

Dilution of an Antimicrobial for Checkerboard Testing in Broth* ^ 

Desired final concentration of drug 0 0.06 0.12 0.25 0.50 1.0 2.0 

Concentration of drug in stoci< solution 0 0.25 0.50 1 .0 2.0 4.0 8.0 

Volume of stocl< solution per tube (mL) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

'For the purposes of this table, concentrations of drug are expressed in multiples of the MIC. Each tube contains a total volume of 1.0 mL: 
0.25 mL of drug A, 0.25 mL of drug B, and 0.5 mL of bacterial inoculum. 
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Figure 9.2. Assessment of antimicrobial 
combinations with the checkerboard 
method. A. B. and C. Results of testing 
combinations of two drugs (diluted in geo- 
metric twofold increments along the x and 
y axes, as in Fig. 9.1). Shading, visible 
growth. Concentrations are expressed as 
multiples of the MIC. D, E, and F. Isobolo- 
grams (plotted on an arithmetic scale) that 
represent the results of checkerboards 
shown in A, B, and C, respectively. A and_. 
D. Additive effect. B and E. Synergism. C 
and F. Antagonism. 
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TabI 9.3 

Dilution of an Antimicrobial for Checkerboard Testing in Agar' 



Final concentration of antimicrobial desired 
Concentration of antimicrobial stock solution 
Volume of stock solution added to 19.0 mL 
of agar (mL) 



0 


0.06 


0.12 


0.25 


0.50 


1.0 


2,0 


0 


1.25 


2.5 


5.0 


10.0 


20.0 


40.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 


1.0 



"Concentrations of drug are expressed in multiples of the MIC. For testing two drugs, each 20-mL aliquot for a 1 0O-mm agar plate contains 
1.0 mL of the appropriate stock solution of drug A, 1 .0 mL of drug B, and 18.0 mL of agar. 



may permit one or two resistant organisms to spread over 
the entire agar surface. Condensation on the agar surface 
is often a concern because agar pLates are frequently kept 
refrigerated after their initial preparation (because some 
antimicrobial agents remain stable in agar for at least one 
week at 4*'C) (461). Therefore, agar plates should be re- 
moved from the refrigerator several hours before their 
expected use, to permit them to reach room temperature. 
Plates with persistent condensation should be dried, with 
their lids ajar, at 35**C to 37^*0 for 1 to 2 hours before 
they are inoculated. 

Inoculum 

Use of the correct inoculum is critical for the accuracy 
and reproducibility of checkerboard testing, as it is for 
most susceptibility testing. An excessively large inocu- 



lum may result in a falsely high estimate of the MIC due 
to the ** inoculum effect,** which usually reflects either 
the inactivation of p-lactams by p-lactamase or the se- 
lection of resistant mutants, although in many cases the 
mechanisms of this effect are poorly understood. Con- 
versely, an excessively small inoculum may lead to a 
falsely low estimate of the MIC. 

For bacterial studies, the inoculum can be standard- 
ized by matching the turbidity of the culture to the 0.5 
McFarland standard (386). (This is produced by mixing 
0.5 mL of 0.048 mol/liter BaC^ [1.175%, w/v, 
BaCl2*2H20] with 99,5 mL of 0.36 N H2SO4 and should 
be protected from light.) This produces an inoculating 
suspension of approximately 10* CFU/mL, which is then 
diluted in fresh broth to achieve final inocula of approx- 
imately 10^ CFU/mL for broth dilution studies using 
MIC endpoints or to achieve larger final inocula if min- 
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imal bactericidal concentration (MBC) endpoints are to 
be assessed (424). For agar dilution studies the initial 0.5 
-McFarland inoculum^is diluted^approximately_ 1 : 10 in 
fresh broth, and 1 to 2 ^jlL of that suspension are applied 
to the surface of an agar plate with a calibrated wire loop 
or a Steers replicator (514), for an inoculum of approx- 
imately 10^ CFU/spot (560). The National Committee for 
Clinical Laboratory Standards recommends that anaero- 
bic bacteria be tested at an inoculum 10-fold greater than 
that for aerobes (385). In either case, it is prudent to 
verify the actual inoculum density by determining colony 
counts for representative strains of the species to be 
tested. 

Modifications of the Checkerboard Technique 

Use of Microtiter Trays. Large amounts of anti- 
microbials and media are required for standard checker- 
l>oard testing with racks of test tubes containing mixtures 
of both drugs being tested. Therefore, many workers pre- 
fer microtiter trays because they are less cumbersome and 
require smaller quantities of antimicrobials and broth. In 
addition, automated equipment can be used to prepare 
dilutions of the two drugs being tested and to deliver the 
inoculum to each microtiter well. 

Dilutions may be made with hand-held or automated 
microdiluters. Similarly, the U-ansfer plate technique may 
be used (either manually or with automated microdilu- 
ters) to prepare dilutions of a second dnjg (129). The 
contents of the transfer plate are then transferred to a 
standard microdilution plate containing appropriate con- 
centrations of the first antimicrobial, thus creating the 
desired two-dimensional matrix of drug concentrations. 
Although smaller volumes are used with this technique 
than with the standard test tube (macro) checkerboard 
technique, the information produced is basically similar. 
However, there are several potential problems with mi- 
crotiter checkerboard testing that are not encountered 
when using the macro (test tube) method. 

The first problem is evaporation. Because the vol- 
umes in each microtiter well are small (100 to 200 p,L), 
modest amounts of evaporation may significantly in- 
crease the concentrations of the antimicrobials being 
tested and thus produce artifactually low MICs (and/or 
MBCs). This can best be prevented by using plastic ad- 
hesive sheets or lids available through the manufacturers 
of these plates. If the results suggest this possibility (i.e., 
if the MICs and/or MBCs are lower than expected), ali- 
quots of broth should be saved from several microtiter 
wells to determine whether the antimicrobial concentra- 
tions in those wells were greater than expected. 

The second problem is anaerobiosis. The exp)erience 
of many investigators suggests that these plastic sheets 
or lids (mentioned above) do not inhibit the growth of 
strict aerobes. However, the best control to exclude this 
possibility is luxuriant growth of the test organism in the 
wel](s) without antimicrobial. (Several manufacturers 
have suggested punching small holes in the plastic sheets 



over each microtiter well with a pin. This obviates the 
possibility of anaerobic conditions and also decreases the 
condensation on the iindersurface jof^the plastic sheet.) 

The third problem is surface electricity. Static elec- 
tricity may accumulate if these plates are not adequately 
grounded and may interfere with effective dilution of the 
antimicrobials. Wiping the bottom of the plate with a 
moist cloth is usually sufficient to resolve this problem. 

Variable Dilutions. Although twofold dilutions 
have been used traditionally with this method (in both its 
macro- and microtiter versions), they may be insuffi- 
ciently sensitive for many organisms, especially if the 
breakpoint is at the upper end of the clinically acceptable 
range of concentrations for a toxic antimicrobial, such as 
an aminoglycoside. For this reason, it is often helpful to 
use less than twofold dilutions (for the whole series of 
dilutions or at least for those of greatest interest) (265). 
From a mathematical point of view, the smallest dilution 
increments provide the greatest precision for subsequent 
evaluation of the results (see below). Giant checker- 
boards can be created by combining a series of smaller 
matrices, each using different dilutions of the two drugs 
in an attempt to increase precision of endpoint determi- 
nations (237). This technique involves considerable work 
and does not fully circumvent limitations inherent in the 
standard twofold dilution method. 

Testing More than Two Drugs. Using the same 
dilution scheme, it is also possible to create a three-di- 
mensional (or ^-dimensional) lattice to study combina- 
tions of three (or n) drugs against a single pathogen (Fig. 
9.3) (42-44). This sUategy was developed by Beren- 
baum, who also used it to quantitate the results with the 
fractional inhibitory concentration (FIC) index (see 
below). 

Testing Organisms Other than Bacteria. Because 
bacteria are relatively easy to grow in the laboratory and 
because antibacterial drugs are often used in combination 
with one another, most checkerboard testing has been 
performed with antibacterial agents. However, the same 
approach has also been used to examine the activity of 
other antimicrobial combinations against nonbacterial 
pathogens such as parasites and fungi (327, 405). Mea- 
sures of antimicrobial action used in these studies have 
included morphologic criteria (e.g., reductions in parasite 
counts as measured by Giemsa-stained smears for 
antimalarials), isotope uptake (the reduction of 
[^Hjhypoxanthine or [^H]thymidine uptake for antipara- 
sitic and antivu-al agents) (83, 236, 432, 521), and quan- 
titative cultures (of fungi and viruses) (236, 522). From 
a conceptual point of view, the nature of the testing 
scheme is the central issue, not the specific microorgan- 
ism being tested. 

Definition of the Endpoint. Most checkerboard 
tests are read by examining the tubes (or wells of the 
microtiter plate) for evidence of visible growth after 16 
to 20 hours of incubation at 35°C to 37'*C. However, 
bactericidal data may be obtained if the tubes (or wells) 
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• • Figure 9.3. Three-dimensional iso- 




bolograms used to depict the results 
of combinations with three anti- 
microbials. In these diagrams, points 
corresponding to synergism are on 
concave surfaces (teff) and those 
corresponding to antagonism are 
on convex surfaces {fight). (Repro- 
duced from Berenbaum [42], with 
permission.) 



without visible evidence of bacterial growth are sampled 
to determine the concentrations of the combination pro- 
ducing ^99.9% killing (the MBC, which is defined and 
discussed in Chapter 2). Similarly, some investigators 
have modified the determination (and the definition) of 
the MIC by using 50% reduction in the optical density 
produced by bacterial growth to replace visual inspec- 
tion. They believe that this measure (the 50% inhibitory 
concentration), when assessed with a spectrophotometer, 
is more accurate than the traditional MIC (2, 419), al- 
though no comparative studies have addressed this 
question. 

Interpretation of the Results 

As noted above, most checkerboard (broth and agar 
dilution) studies are read after 16 to 20 hours of incu- 
bation at 35**C to 37°C, although studies of rapidly grow- 
ing pathogens may frequently be read after 6 to 8 hours 
of incubation, whereas slowly growing organisms may 
require longer incubation. In interpreting the results, the 
critical question is usually whether an apparently syner- 
gistic combination is significantly below the additive line 
of the isobologram. Because the margin of error in these 
studies is plus or minus one dilution, a combination 
should be at least two dilutions below the additive line 
of the isobologram to be significantly synergistic or at 
least two dilutions above the additive line to be signifi- 
cantly antagonistic. 

Because the determination of synergism often de- 
pends on the tubes (wells) near the midpoint of the iso- 
bologram, many workers have examined only the MIC 
(or MBC) and one lower concentration of each drug 
alone, in addition to a group of comparably increasing 
concentrations of both drugs (in a ratio of their MICs or 
MBCs), beginning from the control (without drug A or 



B) and progressing toward the point with x = one half 
the MIC of drug A and y = one half the MIC of drug B. 
This scheme (Fig, 9.4) substantially reduces the number 
of tubes and dilutions necessary to perform the test, while 
retaining sufficient discrimination at the midpoint to de- 
fine synergism in most cases. 

The fractional inhibitory concentration index of Elion 
et al. (137) can be viewed as a mathematical restatement 
of the isobologram (Table 9.4) and is the method most 
commonly used in the literature to report the results of 
studies with antimicrobial combinations. In this method, 
the FIC for each drug is derived by dividing the concen- 
tration of that drug necessary to inhibit growth in a given 
row or column by the MIC of the test organism for that 
drug alone. The FIC index is then calculated by sunmiing 
the separate FICs for each of the drugs present in that 
tube (or well) (Table 9.4). 

Although each antimicrobial combination can pro- 
duce a series of FTC index values if one calculates sep- 
arate FIC indexes for each row or colunm in the isobol- 
ogram, most investigators use the value obtained for 
equally effective concentrations of the two drugs being 
tested (i.e., the result obtained by examining combina- 
tions in which the ratios of the concentrations of the two 
antimicrobials are equal to the ratios of their MICs, as in 
the 45° line in Fig. 9.4) as representative of that combi- 
nation. (Although this approach simpUfies the calcula- 
tions, it may be misleading because the ratios of the two 
drugs may not remain constant in vivo, even if they are 
administered in doses prbportional to their MICs.) With 
this method, synergism is defined as a FIC index of ^0,5 
and additivity as a FIC index of 1.0; antagonism has been 
often defined as a nC index of >:2.0 (179, 463). More 
recent criteria suggest that a FIC index of more than 4 
should be applied to definitions of antagonism to account 
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Figure 9.4. Simplified checkerboard 
testing of antimicrobial combinations. 
With this approach, the number of com- 
binations tested may be substantially 
reduced (e.g., in this case to only 7 of 
49 combinations). Hatching, combina- 
tions tested. 




0.06 0.12 0.25 0.50 



1.0 



2.0 



Table 9.4 

Calculation of the Fractional Inhibitory Concentration 
(FIC) Index for Combinations of Two Antimicrobials* 



(A) , (B) 



(MICa) (MICb) 



= FICa + FICb = FIC Index 



*(A) is the concentration of drug A in a tube that Is the lowest inhib- 
itory concentration in its row. (MICa) is the M)C of the organism to 
drug A alone. FICa is the fractional inhibitory concentration of drug 
A. (B), (MICb), and FICb are defined in the same fashion for dnjq 
B. 



for inherent variability in the technique and because a 
FIC index of 2.0 is probably indicative of an indifferent, 
rather than a true antagonistic, effect (13). In some cases 
it may be appropriate to use a more rigorous definition 
of synergism (e.g., a FIC index of less than 0.5) to dis- 
criminate more completely between synergistic and ad- 
ditive effects (325, 481). Although most investigators 
utilize the FIC index calculation only for two-drug com- 
binations, the same mathematics can be applied to com- 
binations of three or more drugs (as shown by Beren- 
baum et al. [44]). 

Limitations of the Technique 

As practiced by most laboratories, the checkerboard 
method has several significant flaws. First, unless each 
of the tubes (or wells) without obvious macroscopic ev- 
idence of growth is sampled to determine microbicidal 
activity, it yields only inhibitory data. (Obviously, such 
sampling complicates this relatively simple test and is 
possible only for broth dilution studies. It is not possible 
to sample agar dilution studies for microbicidal data, ex- 



cept in a very qualitative fashion.) This lack of micro- 
bicidal data is a serious limitation, because the organisms 
most frequently submitted for such testing are from pa- 
tients with infections that most clinicians believe should 
be treated with microbicidal therapy (e.g., endocarditis, 
meningitis, or osteomyelitis). 

Second, both the FIC index calculation and the usual 
interpretation of the isobologram assume incorrectly that 
all antimicrobials have linear dosage-response curves 
(see * 'Kinetic Spectrophotometric Methods*')- Although 
checkerboard results are often used to characterize the 
dose-response relationship between an antimicrobial and 
a microorganism, the checkerboard method as usually 
performed provides only all-or-none responses (i.e., 
growth or no growth) and is thus incapable of measuring 
the graded responses necessary to define dose-response 
curves. 

Finally, because the results are usually examined only 
at one point in time, the checkerboard method typically 
provides a static, rather than a dynamic, view of anti- 
microbial interaction. Despite these limitations, the 
checkerboard technique is simple to perform and remains 
a widely used technique to assess antimicrobial com- 
binations. 

Killing Curves (Time-Kill Curves 
or Time-Kill Plots) 

In contrast to the checkerboard technique, which typ- 
ically provides only inhibitory data, the killing-curve 
technique measures the microbicidal activity of the com- 
bination being tested. For this reason, it is presumably 
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more relevant for clinical situations in which bactericidal 
therapy is desirable. The other major advantage of killing 
curves over the checkerboard technique is that they 
provide a dynamic picture of antimicrobial action and 
interaction over time (based on serial colony counts), 
as opposed to the checkerboard technique, which 
is usually examined only once (after 16 to 24 hours of 
incubation). 

However, the repetitive colony counts that this tech- 
nique requires are tedious and seriously limitthe number 
of antimicrobial concentrations and combinations that 
can be tested with any one isolate. Therefore, if the lab- 
oratory results are to be useftil in guiding therapy, it is 
essential that the antimicrobial concentrations tested be 
chosen carefully and that they represent concentrations 
that are achievable at the presumed site of infection. Be- 
cause the medium is sampled repetitively for colony 
counts, killing-curve studies must be performed in liquid 
media. 

Most experiments are performed with a final inocu- 
lum of 10^ to 10' CFU/mL, which is produced by diluting 
an overnight culture of the pathogen in Mueller-Hinton 
broth or another suitable broth. It is usually convenient 
first to adjust the overnight culture (or logarithmic-phase 
culture if desired) to match the 0.5 McFarland (barium 
sulfate) standard (386) and then to dilute a second time 
with fresh broth and the appropriate amounts of antimi- 
crobials in the tube or flask in which the smdy is to be 
carried out. 

The initial sampling for colony counts should take 
place as soon as the inoculum is added (within 5 min- 
utes). Assuming that the volume of the culture is at least 
10 mL, it is usually convenient to take 0.5-mL samples 
for colony counts, which may be performed by one of 
several methods. Especially if short sampling intervals 
are being used, the culture flasks should be returned to 
the incubator immediately after the aliquots have been 
removed. At each time point, the flasks are sampled again 
and serial dilutions (in sterile saline or molten agar) are 
performed for colony counts. 

Saline Dilution 

As usually performed, this method uses a series of 
tubes containing 4.5 mL of sterile saline (0.9% NaCl) or 
another appropriate sterile diluent. One pipettes a 0.5-mL 
sample from the culture into the first tube (producing a 
10~* dilution) and then, after thorough mixing, transfers 
0.5 mL from that tube (with a new sterile pipette) to the 
next tube (which becomes the 10"^ dilution), repeating 
the procedure until a series of tubes have been prepared 
(usually from 10"* to 10"^). Precise aliquots from these 
tubes are then plated on an agar plate without antimicro- 
bials and incubated overnight (or longer, for slowly 
growing organisms). If aliquots of 0.1 mL are used, they 
should be spread on the surface of a whole agar plate. 
However, if smaller volumes are used (e.g., droppers 
with a volume of 0.025 mL), it is often feasible to use a 



single plate for the results of all dilutions ftxjm one col- 
ony count (Fig. 9.5). In either case, it should be possible 
to use a single sterile pipette (or dropper) to pipette all 
dilutions for a single colony count, by beginning with the 
most diluted tubes (e.g., working from the 10"^ dilution 
to the 10° dilution) after the dilutions have been per- 
formed. Replicate colony counts obtained in this fashion 
should agree within ± 10%, In contrast, significant dif- 
ferences among antimicrobials and antimicrobial com- 
binations are usually defined as 10- to 100- fold changes 
in the number of CPU per milliliter after 4 to 24 hours 
of incubation. If one expects that the colony count will 
be close to zero, it is helpftil to place an aliquot of the 
undiluted sample in the center of the plate (with the mi- 
cropipette method) or to use an extra agar plate with 0.1 
mL of undiluted material (with the macro 0. l-mL pipette 
method). Obviously, one cannot use the same pipette to 
dilute repetitively begirming with the initial culture ma- 
terial without the potential for significant carryover of 
microorganisms. 

In many cases, it is also necessary to ascertain ythat 
carryover of antimicrobials from the dilution tubes is Wt 
of sufficient magnitude to lower falsely the resulting cbl- 
ony counts. This is usually not a problem when counting 
is performed on drops derived from the fourth or fifth 
dilution mbe or beyond, because the process of dilution 
usually reduces residual antimicrobial concentrations to 
negligible levels. It is important to note, however, that, 
for antibiotics demonstrating marked inoculum effects 
against the test microorganism, drug concentrations sig- 
nificantly below the MIC (derived at standard inocula) 
may inhibit the growth of the few colonies present in that 
given dilution. When there is doubt about the possible 
effects of antibiotic carryover, control experiments 
should be carried out in which small inocula of the test 
strain are suspended in saline, with or without antimicro- 
bial, and then plated inunediately on drug-free agar. Re- 




(10-2) 



(10-5) 



Figure 9.5, Arrangement of drops of culture broth on an 
agar plate for counting CFU per milliliter. Shading, area of 
the plate typically covered by single 0.025-mL drops from 
each 10-fold dilution. 
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suiting colony counts should be in close agreement in the 
absence of significant carryover effects. 

Another approach is to inactivate the antibiotic(s) 
prior to plating, if this can be accomplished without af- 
fecting the organism. This is generally feasible only for 
p-lactam antibiotics, v^^hich can be inactivated by addi- 
tion of commercially available P-lactamase. When sig- 
nificant carryover of a potent antimicrobial is anticipated, 
it may be necessary to collect bacteria by filtering ali- 
quots through a 0.45-(xm filter (e,g„ Millipore Corp., 
Bedford, MA), washing the filter with sterile saline, and 
finally eluting organisms from the filter by vigorous ag- 
itation in a volume of saline equal to that of the original 
aliquot. The resulting bacterial suspension is then plated 
for colony counts. However, this process is tedious and 
requires that all specimens (including an antibiotic-free 
growth control) be handled in an identical fashion be- 
cause of the inevitable retention of some colonies on the 
filter, even after vigorous agitation. 

Another pitfall, which is somewhat less obvious, is 
the handling of the tubes with 4.5 mL of sterile saline. If 
these tubes are autoclaved after (rather than before) the 
saline has been added, the autoclaving process inevitably 
produces enough evaporation after the tubes are removed 
from the autoclave to significantly reduce the volume 
(usually to :<4.0 mL). The only certain way to control 
this source of error is to dispense the sterile saline into 
the tubes after it and they have been sterihzed. 

The agar plates used for the colony counts must not 
contain any antimicrobials. Although Mueller-Hinton 
agar is quite sufficient for most bacteria, we have used 
blood, brain-heart, and nutrient agars for work with en- 
terococci, and other media (e.g., chocolate agar) would 



clearly be necessary if one were to work with more fas- 
tidious organisms such as Neisseria, It is important not 
to tilt (and preferably not to move) the plates onto which 
drops have been applied until the drops have had time to 
dry thoroughly. This is less of a problem with 0.1 -mL 
aliquots spread on individual agar plates, because the rel- 
atively small volume (in relation to the surface area) dries 
much more rapidly. 

Agar Dilution 

Colony counts may also be determined by agar dilu- 
tion. Typically, a l.O-mL aliquot is removed from the 
culture and diluted in sterile saline. Aliquots of this sus- 
pension are added to 1 9 mL of agar that has been allowed 
to cool to SO^'C to 55**C after autoclaving, and the mixture 
is poured into agar plates (100 mm in diameter), allowed 
to harden, and then incubated overnight at SS^C to 37°C 
prior to Qolony counting. Penicillinase and sodium po- 
lyanetholsulfonate can readily be used to inactivate pen- 
icillin and aminoglycosides with the agar dilution 
method because it requires the pouring of fresh agar 
plates. In contrast, these agents (penicillinase and sodium 
polyanetholsulfonate) are used less frequently with the 
saline dilution method, because it does not involve the 
pouring of fresh agar plates. If penicillinase is added, 1.0 
to 1.3 mL of penicillinase/20-mL plate (BBL, Cockeys- 
ville. MD) (the equivalent of 10* kinetic units of peni- 
cillinase/mL) is sufficient to inactivate several hundred 
micrograms of penicillin j>er milliliter in the sample. So- 
dium polyanetholsulfonate concentrations of 0.025 to 
0.050 g/1 00 mL (or 5% NaCI) should inactivate clinically 
relevant concentrations of aminoglycosides and poly- 
myxin (287). 
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After incubation of the agar plates at 35**C to 3TC 
for 16 to 18 hours (or less with some rapidly growing 
organisms), colony counts may be performed. When us- 
ing the dropper technique, a colony counter with a mag- 
nifying glass is often helpful because up to several hun- 
dred colonies may be clustered in the approximately 
1.5-cm-diameter circles produced by the drops on the 
agar plate (Fig. 9.5). When using the saline tube dilution 
method, we customarily place drops from each dilution 
tube onto duplicate antibiotic-free plates for counting and 
then average the results. Although there are usually fewer 
colonies per unit surface area with the macro technique 
(in which 0. 1-mL aliquots of culture or diluted specimen 
are spread over the surface of a 100-mm agar plate), col- 
ony-counting devices are also helpful with that method. 

Interpretation of the Results 

When the colony counts have been determined, the 
easiest way to visualize the results is to plot them on 
semilogarithmic paper (using the abscissa for time and 
the ordinate [the logarithmic scale] for the colony counts, 
as in Fig. 9.6). If arithmetic paper is used, colony counts 
between powers of 10 should be plotted (on the ordinate) 
as their logarithms, rather than arithmetically, i.e., 3.1 X 
10'' (not 5 X 10^) CFU/mL should be midway between 
10^ and 10^ CFU/mL. The definitions of antimicrobial 
interaction with this technique are based on studies with 
enterococci, against which clinically acceptable concen- 
trations of the aminoglycosides alone are generally in- 
active and penicillin is only bacteriostatic. 

The results are interpreted by the effect of the com- 
bination in comparison with the most active single drug 
alone. Synergism is defined as a > 100-fold increase in 
killing at 24 hours (as measured by colony counts) with 
the combination, in comparison with the most active sin- 
gle drug. Antagonism is defined as a > 100-fold decrease 
in killing at 24 hours with the combination, compared 
with the most active single drug alone (366, 367). Ad- 
ditivity (or indifference) is defined as a less than 10-fold 
change (increase or decrease) in killing at 24 hours with 
the combination, in comparison with the most active sin- 
gle antimicrobial alone. 

These definitions assume that at least one of the drugs 
being tested produces no significant inhibition or killing 
alone. Although this assumption is true for enterococci 
(against which clinically acceptable concentrations of 
aminoglycosides are inactive) (362), it is not true for 
most other organisms (especially Gram-negative bacilli), 
against which clinically acceptable concentrations of 
aminoglycosides are clearly active. At present, there are 
no established criteria with which to evaluate the results 
obtained (with the killing-curve technique) using two or 
more drugs, each of which has significant activity alone, 
to determine whether those drugs are synergistic. One 
approach has been to examine antimicrobials alone and 
then in combination at some fraction of the MIC or MBC 
(e.g., one fourth of the MIC or MBC). Typically, how- 



ever, this results in some degree of killing with one or 
both of the agents used alone at an early time point, fol- 
lowed by regrowth at 24 hours. In such cases, the com- 
bination may result in sustained bactericidal activity over 
the entire sampling period, but it is difficult, if not im- 
possible, to differentiate a true synergistic interaction 
from merely additive effects or from the phenomenon of 
mutual suppression of resistance to the single agents. Es- 
pecially when penicillins are tested by time-kill methods 
against Gram-negative bacilli, late regrowth of microor- 
ganisms is often associated with loss of antimicrobial 
activity in the culture medium over time, due to slow 
inactivation of drugs. In such cases, determination of 
bactericidal activity of the single agents and combina- 
tions at earlier time points (e.g., 6 to 8 hours) may be 
more relevant (191), 

Some authors have used statistical techniques to eval- 
uate bactericidal interactions measured by killing curves 
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Figure 9.7. Effects of single antimicrobials on the bac- 
terial growth rate constant. In each case, logarithmic plots 
of drug concentration on the abscissa {right) demonstrate 
a linear dose-effect relationship that is not apparent using 
an arithmetic scale (/e^O, with E. co// American Type Cul- 
ture Collection strain 25922. The individual data points rep- 
resent the average of at least three determinations and are 
bracketed by the standard error of the mean. Correlation 
coefficients were calculated by the least-squares method 
for linear regression. (Reproduced from King and Krogstad 
[265], with permission.) 
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(209), In this method, survival probabilities at various 
time points for each drug and their combinations are 
examined for evidence of statistically significant 
differences. 

Limitations of the Technique 

The major disadvantage of the killing-curve technique 
is that the repetitive sampling necessary for each of the 
flasks being tested and the multiple colony counts re- 
quired seriously limit the number of antimicrobial com- 
binations that can be tested. For this reason, it is essential 
that the concentrations that are tested be chosen with 
knowledge of the antimicrobial concentrations that are 
achievable at the site(s) of the infection. Although this 
technique has been invaluable for understanding the re- 
sponse of serious enterococcal infections, the lack of a 
method to evaluate combinations in which each drug 
alone has significant antimicrobial activity seriously lim- 
its its usefulness in evaluating the activity of antimi- 
crobial combinations against Gram-negative bacillary 
pathogens. 

Serum Bactericidal Testing 
Rationale 

As noted above, one limitation of the killing-curve 
technique is that the few antimicrobial concentrations 
tested must represent concentrations achievable in vivo. 
To ensure that the antimicrobial concentrations tested are 



relevant clinically, several groups have employed the se- 
rum bactericidal titer as an estimate of the activity of 
antimicrobial combinations in patients receiving them 
(104, 130). The advantage of this approach is obviously 
that it measures the activity of antimicrobial concentra- 
tions that are achievable in vivo. Its disadvantages in- 
clude the need to measure the levels of the different an- 
timicrobials the patient is receiving in order to evaluate 
the results, the uncertainties introduced by the presence 
of antibody and complement in the serum specimen, and 
the added precautions needed to process patient serum 
specimens in the laboratory. 

Interpretation of the Results 

Because the amounts of antimicrobials in the serum 
specimen may vary greatly among patients on the same 
regimen, these titers are usually interpreted qualitatively. 
One practical approach is simply to repeat the test after 
the addition of an extra drug — to determine whether that 
drug enhances the activity of the initial agent (or com- 
bination). However, the use of serum bactericidal titers 
in this fashion does not exclude the possibility that the 
increment in activity observed results from the last agent 
added (alone), rather than from antimicrobial interaction. 
For this reason, the results obtained with this method 
should be described qualitatively and not as synergism 
or antagonism, unless several serum samples are also 
available that contain similar concentrations of each drug 
alone. 
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between autonomy and additivity and defines both syner- 
gism (a growth rate constant less than the additive growth 
rate constant) {left) and antagonism (a growth rate con- 
stant greater than that obsen^ed with either drug alone) 
{right), (Adapted from King and Krogstad [265], with 
permission.) 
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Kinetic Spectr phot metric Methods 
Rationale 

Spectrophotometric methods have been examined in 
the hope that they might provide both a more kinetic view 
of antimicrobial interaction and a more quantitative anal- 
ysis of the dose-response relationship than is possible 
with the checkerboard technique (which is capable of 
generating only all-or-none, i.e., growth or no growth, 
responses unless the individual wells or tubes are sam- 
pled to determine killing). Because spectrophotometric 
methods are capable of measuring graded responses, one 
important result of these studies has been the demonstra- 
tion that virtually all antimicrobial dose-response curves 
are logarithmic (i.e., exponential), rather than linear (Fig. 
9.7). Another important theoretical result of these studies 
has been a reexamination of additivity and its biologic 
significance. Although additivity is interpreted (in the 
checkerboard system) as the result with antimicrobials 
that do not interact with one another, studies of auxotro- 
phic mutants indicate that only one metabolic pathway is 
growth rate-limiting for an organism at a time. Thus, 
those studies suggest that, if two antimicrobials do not 
interact with one another, the result of those drugs (in 
combination) should be simply the effect of the more 
active drug alone, i.e., autonomy (266). 

Method and Interpretation of the Results 

Although spectrophotometric studies of bacterial 
growth have been performed for decades, the advent of 
sophisticated software has made it possible to monitor 
multiple cultures at frequent intervals while continuing 
to incubate those samples (265). With such equipment, 
one can plot growth curves for multiple cultures simul- 
taneously and examine the effects of different antimicro- 
bials and antimicrobial combinations on the growth-rate 
constants of those cultures. For experimental purposes, 
one can maximize the potential differences between au- 
tonomy and additivity in such a system by using the ex- 
pected 50% inhibitory concentration (50% effective 
dose) of one drug (i.e., the concentration that reduces the 
growth-rate constant by approximately 50% when used 
alone) in combination with a steadily increasing series of 
concentrations of a second drug (Fig. 9.8). The results 
obtained with such a system (Fig. 9.9) clearly indicate 
that interactions corresponding to the synergistic, addi- 
tive, autonomous, and antagonistic patterns postulated in 
Figure 9.8 do occur and that those results are similar, in 
this system, to those observed (with similar drugs) with 
the checkerboard method (Table 9.5). 

Diffusion Method 

A variety of methods have been explored to assess, 
primarily in a qualitative fashion, interactions of anti- 
microbials as they diffiise through agar plates seeded 
with a test organism. One major advantage of the diffu- 
sion method is that commercially produced antimicro- 
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Figure 9.9. Kinetic spectrophotometric method. Using 
progressively increasing concentrations of one antimicro- 
bial (designated on the abscissa) and a fixed concentration 
of the other (the 50% inhibitory concentration), the kinetic 
spectrophotometric method reveals synergism with ampi- 
cillin plus gentamicin (A), additivity with gentamicin plus 
tetracycline (B), autonomy with clindamycin plus gentami- 
cin (C), autonomy and antagonism with gentamicin plus 
clindamycin (D), antagonism, synergism, and antagonism 
with sodium azide plus gentamicin (E), and synergism and 
autonomy with gentamicin plus sodium azide (F). o. Single 
drugs; combinations, with E. co// American Type Culture 
Collection test strain 25922. (Reproduced from King and 
Krogstad [265], with pemriission.) 

bial-impregnated disks and Mueller-Hinton agar plates 
may be employed: Paper strips soaked in antimicrobial 
solutions are used in some modifications of this method. 
Therefore, it is not necessary to make up a series of flasks 
or agar plates containing different antimicrobial concen- 
trations. The other major advantage of these techniques 
is (as described below) that they are easy to perform in 
the laboratory. 
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Table 9.5 

Comparative Assessment of Antimicrobial Combinations by Spectrophotometric Measurement of Growth Rate 
Constants and by Checkerboard Testing' 



Method of Assessment 



Antimicrobial Combination 



Spectrophotometric 



Checkerboard 



Ampicillin + gentamlcin 
Gentamicin + ampicillin 
Tetracycline + gentamlcin 
Gentamicin + tetracycline 
Clindamycin + gentamicin 
Gentamicin + clindamycin 
Sodium azide + gentamicin 
Gentamicin + sodium azide 
Chloramphenicol + clindamycin 
Clindamycin + sodium azide 



Synergy 

Additivity and synergy 
Additivity 
Additivity 
Autonomy 

Autonomy and antagonism 
Antagonism, synergy, and antagonism 
Synergy and autonomy 
Antagonism and autonomy 
Additivity 



Additivity (1.0; 0.7-1.0) 

Additivity (0.9; 0.7-1.0) 

Additivity (1.6; 1.0-1.7) 

Antagonism (2.0; 1 .0-2.0) 

Additivity (1.6; 1.0-1.7) 
Antagonism (2.0; 1 .0-2.35 



Reproduced from T.C. King and D.J. Krogstad (Ref. 265) with permission of The Journal of Infectious Diseases and tUe University of Chicagt 
Press. © 1983, The University of Chicago. 

"In the spectrophotometric experiments, the concentration of the first drug was progressively increased (using logarithmic increments o 
drug concentration), while the concentration of second drug was held constant at a concentration that reduced growth rate constant b' 
approximately 50%. This strategy was chosen because it maximized the potential differences between autonomy and additivity. In thi 
checkerijoard experiments, the fractional inhibitory concentration (FIC) indexes are given as the result obtained with "equipotent" concen 
trations of both drugs (based on their MICs), followed by the range of FIC indexes obsen^ed with all concentrations tested. 



Disk Technique 

This technique uses the same standard inoculum and 
Mueller-Hinton agar as a routine Bauer-Kirby suscepti- 
bility test (37). To assess possible interactions between 
two drugs (e.g., drugs A and B), disks containing drugs 
A and B are placed on a plate that has been inoculated 
in the usual fashion with the organisms to be tested. The 
distance by which the disks are separated may be varied, 
but it should generally be equal to or slightly greater than 
the sum of the radii of the zones of inhibition of the drugs 
when examined alone. After overnight (16- to 18-hour) 
incubation at 35**C to 37**C, the plates are ready for 
examination. 

The pattern observed with additive or indifferent 
combinations is that of two independent circles (Fig. 
9.10/1). With synergistic combinations, enhancement or 
bridging is observed at or near the junction of the two 
zones of inhibition (Fig. 9.105). With antagonistic com- 
binations, truncation is observed near the junction of the 
two zones of inhibition (Fig. 9.10O- 

A special instance in which this technique can be very 
persuasive is when neither drug A nor drug B alone in- 
hibits the test organism. In this situation, inhibition of 
growth can only be due to the combined effects of drugs 
A and B (Fig. 9A0D) (360). An example of an actual 
experiment showing synergism and antagonism is shown 
in Figure 9.1 1. 

Another modification of this technique is the com- 
parison of zones of inhibition produced by drugs A and 
B alone with the zone produced by a single disk contain- 
ing both A and B. Although a larger zone of inhibition 
around A plus B than around either drug alone excludes 
significant antagonism, it may be impossible to distin- 
guish between additive and synergistic interactions un- 
less disks containing two times A and two times B are 
also tested. (The simplest instance is that found when 
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(indifferent) 




a ANTAGONtSTIC D, SYNERGfSTiC 




Figure 9.10. Assessment of antimicrobial combinations 
with the disk diffusion technique, using disks containing 
only one antimicrobial. A. Additive or autonomous result. 
B and D. Synergism. C. Antagonism. Shading, bacterial 
growth; clear areas, zones of growth inhibition. 



zones of inhibition for A and B are equal, in which case 
the zone of inhibition for A plus B must be significantly 
greater than that of disks containing two times A or two 
times B to satisfy the criteria for synergism.) 

Although the advantages of this technique as de- 
scribed are its simplicity and the use of readily available 
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Rgure 9.11. Assessment of antimicrobial combinations 
with the disk approximation technique. Combinations of p- 
lactams were tested against one strain of E. cloacae. 



Left, synergism between the two drugs. Right activity of 
one drug is antagonized by the second, at concentrations 
below those that inhibit growth of the organism. 



materials, it yields only qualitative information about an- 
timicrobial interactions. Moreover, the results of this test 
may differ fixim results obtained when the same agents 
and organisms are tested in liquid media. As noted, it 
may be difficult to distinguish additive from synergistic 
interactions using this technique. Information about bac- 
terial killing may be obtained by adding an agent to in- 
activate one or both of the drugs employed, thus permit- 
ting the detection of organisms that have been inhibited 
but not killed (e.g.. the addition of p-lactamase to a pen- 
iciUin-containing plate) (299, 589). A less specific 
method that provides similar information is the use of a 
velvet impression from the test plate, which may then be 
replica-plated onto an agar plate without antimicrobials 
(298). 

Paper Strip Diffusion with Cellophane or 
Membrane Filter Transfer 

In this method, which has been described by a number 
of investigators (51, 85-87, 134, 318), filter paper strips 
(0.5 to 0.9 X 4 to 5 cm) are soaked in antimicrobial 
solution and placed at right angles to one another on an 
agar plate (Fig. 9.12). After overnight incubation at 35'*C 
to 3TC, the filter paper strips are removed, leaving be- 
hind drug that has diffused into the agar medium. After 
removal of the filter paper strips, a transferable material 
(cellophane [86] or a filter membrane [318]) that permits 
diffusion of the two drugs now contained on the agar 
plate is placed on the agar surface and inoculated with a 
suspension of the organism to be tested. After 16 to 18 



A. ADDITIVE B. SYNBRGISTIC 

(indifferent) 




C. SYNERGISTIC D. ANTAGONISTIC 




Figure 9.12. Assessment of antimicrobial combinations 
with the paper strip diffusion technique, using paper strips 
containing only one antimicrobial. A. Additive or indifferent 
result. B and C. Synergistic results. D. Antagonistic result. 
Shading and clear areas, as in Figure 9.10. See text for 
details. 
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hours of incubation, the transferable material is removed 
from the agar plate containing drugs A and B and trans- 
ferred to another agar plate without antimicrobials. After 
an additional 18 hours of incubation at 35**C to 37*C, the 
growth pattern is examined. 

The filter paper test may be modified by streaking 
culture plates with enough organisms to produce conflu- 
ent growth. Filter paper strips soaked in different anti- 
microbials (in concentrations equal to or greater than the 
MIC for the organisms to be tested) are then placed on 
the plate at right angles. After several hours at room 
temperature (to allow the antibiotics to diffuse into the 
agar), the filter paper strips are removed and the plates 
are incubated for 18 to 24 hours at 35**C to 3TC, The 
patterns of growth inhibition that result with both 
methods are interpreted as described below (Fig 9 12) 
(500). 

Additive or indifferent combinations show no en- 
hancement of their zones of inhibition at the former junc- 
tion of the filter papers (Fig. 9.12/4). Synergistic combi- 
nations show enhanced inhibition (Fig. 9A2B) and may 
rarely demonstrate activity at this point, even when the 
organism is resistant to both drugs separately (Fig. 
9.12C) (318). Antagonistic combinations reveal trunc- 
ated zones of inhibition at the former junction of the pa- 
per strips (Fig. 9.12Z>). 

Advantages of this technique include its simplicity 
and the absence of equivocal results in the hands of ex- 
perienced investigators (318). Disadvantages include the 
fact that it measiires inhibition of bacterial growth rather 
than bactericidal activity, it is qualitative, and it is diffi- 
cult to relate to drug concentrations that are achievable 
in humans. Although the absence of growth on drug-free 
media suggests a bactericidal effect, drug carryover has 
been shown to occur with the cellophane paper transfer 
technique (87). Therefore, unless drug carryover has been 
excluded, it is most reasonable to regard this test as an 
assay for growth inhibition or bacteriostasis, rather than 
for bactericidal activity. 

Other Methods of Assessing 
Antibacterial Combinations 

Some workers have used regression lines derived 
from least-squares analysis of MIC (x axis) versus zone 
diameter (y axis) to quantitate the effectiveness of com- 
bination therapy in vitro (128). They have suggested that 
synergism is indicated by a steeper negative slope (i.e., 
a more negative value of w in the equation y ~ mx + b) 
of the regression line for the combination of the two 
drugs, compared with each drug alone. Because the data 
on which each line has been based span only a short 
distance on the abscissa, their validity outside this range 
remains unclear. In addition, multiple MIC and zone size 
determinations with different organisms are required to 
determine a single line. Therefore, this method is of lim- 
ited value when examining a single isolate for the pres- 
ence of synergism with a given drug combination. When 
consecutive rather than simultaneous exposure of bacte- 



ria to two or more antibiotics is desired, the membrane 
transfer method may be used. 

Sanders et al. (48 1) have described a technique utiliz. 
ing graphic and statistical-analysis of inhibition zone 
sizes using disks impregnated with various concentra- 
tions of each study drug. Concentrations are selected to 
represent decimal fractions of a **biological equivalence 
factor*' equivalent to the amount of each agent producing 
identical zone sizes. Results from the combinations are 
compared with expected additive effects (each drug com- 
bined with itself). This method (**decimal assay for ad- 
ditivity") requires preliminary steps to estabhsh biolog- 
ical equivalence factors and appropriate zone size ranges. 
However, it may be useful for detailed study of interac- 
tions for research purposes. 

l\Aathemattcai IVIodels to 
Assess Interactions 

Various authors have apphed mathematical methods 
in an effort to enhance the validity of conclusions re- 
garding drug interactions when dose-response relation- 
ships are nonlinear or to display concentration-effect re- 
lationships three-dimensionally. Li et al. (309) described 
a method utilizing initial bactericidal rate constants at 
various drug concentrations. Pharmacodynamic models 
are tested to describe appropriate concentration-response 
curves, and results are expressed with isobolograms on 
two-dimensional plots where axes represent fractional 
maximal effects for each drug (on a scale of zero to one). 
A method of exploring drug interactions derived from 
nonlinear enzyme kinetic equations described by Chou 
and Talalay (95) has recently been applied in studies of 
antiviral drugs against human immunodeficiency virus 
(103, 280). In these examples, measurements of p24 an- 
tigen production, reverse transcriptase activity, etc., are 
taken at various concentrations of the drugs alone and 
combined. 

Both activities and toxicities of antiviral combina- 
tions have been examined using a three-dimensional 
graphic method described by Pritchard and Shipman 
(121, 441, 442). Concentrations of the two drugs tested 
are plotted along x and y axes forming a horizontal plane, 
and the effect being measured (e.g., p24 antigen) is plot- 
ted on the z axis perpendicular to the plane. Plotting of 
experimental data points (with the aid oif a microcom- 
puter) yields a three-dimensional surface. A second sur- 
face representing the additive** interactions generated 
from dose-response curves of individual agents is sub- 
tracted from this, leaving a series of peaks and pits cor- 
responding to areas of significant deviation from additiv- 
ity (442). Assumptions inherent to each of these models 
have been discussed elsewhere (309, 442). 

Summary of Methods for the Study 
of Synergism 

The salient features, advantages, and disadvantages 
of several methods have been tabulated (Table 9.6). Be- 
fore selecting a specific technique, it is useful to consider 
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Table 9.6 

C mparis n f DIff r ntTechniqu s Used to Ass ss Antimicr bial Combinations 



Technique 



Checkerboard 



Killing curve 



Disk diffusion 
Paper strip 
diffusion 



Medium 



Broth dilution 
Microdilution 
in broth 

Agar dilution 
Broth 



Agar 
Agar 



Kinetic Broth 
Spectrophotometric 



Antibacterial 
Effect 



Modifications 



Advantages/Disadvantages 



Bacteriostatic 
Bacteriostatic 



Bacteriostatic 
Bactericidal 



Bacteriostatic 
Bacteriostatic 



Bacteriostatic 



Killing can be assessed by 
sampling of clear tubes/ 
wells 

Microdilution on agar 



Killing can be assessed by 
perfomning colony 
counts at multiple points 
during the experiment 



Many different combinations and 
concentrations can be tested, but 
bactericidal data can be extracted 
only with difficulty; does not assess 
rate of killing 

Few combinations can be tested but 
the information produced is 
relevant to bacterial killing over 
time at defined drug 
concentrations 

Diffusion of antimicrobials produces a 
gradient of drug concentration 
without a clear relationship to 
clinically achievable drug levels; 
bactericidal data are difficult to 
obtain 

Provides a potentially helpful kinetic 
view of antimicrobial action and 
interaction; bactericidal data can 
be obtained only by colony counts 



both the laboratory's capabilities and the type of infor- 
mation that would potentially be most helpful. For situ- 
ations in which simplicity is important, diffusion disk 
testing and filter paper strips with or without transfer 
techniques are probably reasonable choices. However, it 
must be noted that these methods are strictly qualitative 
and have not been widely validated by comparison with 
more quantitative methods. If many different combina- 
tions of the drugs must be examined, a checkerboard may 
be optimal. If the MIC and MBC are close to one another, 
the result of checkerboard testing using agar and broth 
dilution techniques may be in good agreement with kill- 
ing-curve data. However, if the MIC and MBC are dis- 
parate and bactericidal therapy is crucial, a killing curve 
is the most appropriate test. Other problems in utilizing 
these tests are basically those encountered in routine 
broth dilution and agar diffusion susceptibility testing. 

Inoculum 

For clinical purposes, four or five colonies of the same 
morphology should be used to inoculate broth cultures 
(560). For research purposes, single-colony isolates that 
have been purified (streaked to single colonies) at least 
twice should be employed. Clearly, a mixed culture can- 
not produce a satisfactory result. 

Standardization of the Inoculum 

As noted above, an excessively heavy inoculum tends 
to produce falsely high MIC and MBC values with all 
methods described, and an excessively light inoculum 
tends to produce a falsely low value. This tendency is 
typically accentuated with organisms capable of inacti- 
vating the antimicrobials being tested (e.g., in the testing 
of p-lactamase-producing organisms with penicillin). 



When determining the MBC it is important to use a large 
enough inoculum (3 to 10 X 10= CFU/mL) so that 
>99.9% killing can be measured accurately (424), 

Media 

Mueller-Hinton agar and broth are recommended for 
susceptibility testing because they permit growth of the 
most common pathogens and contain few substances that 
interfere with antimicrobial activity. Exceptions to this 
generalization include the use of specialized media for 
fastidious organisms and the study of antimicrobials sub- 
ject to antagonism by certain medium components, e.g., 
chocolate agar for Neisseria spp. and the addition of 
lysed horse blood for TMP/SMZ testing (220) (see 
below). 

Because the action of several antimicrobials is pH de- 
pendent, another cause of difficulty is failure to adjust 
the pH of the medium to between 7.2 and 7.4. pH levels 
below 7.0 begin to inactivate most aminoglycosides (30, 
335, 574). In addition to pH, aminoglycosides, fluoro- 
quinolones, and polymyxins, as well as daptomycin, are 
sensitive to variations in the concentrations of Mg^^ and/ 
or Ca^^ (113, 141, 147, 185, 449). Current recommen- 
dations call for media to contain 10 to 12.5 mg/liter Mg^"^ 
and 20 to 25 mgAiter Ca^"" (386). 

ANTIMICROBIAL INTERACTIONS 
RESULTING IN ANTAGONISM 

From a clinical viewpoint, antagonism is the most 
disadvantageous outcome possible with an antimicrobial 
combination, because the effect of the combination may 
be less than that of either drug alone. However, there are 
only a few reports in which clinically significant antag- 
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onism has been documented (304, 408, 569). despite the 
large number of reports of in vitro antagonism in the 
literature. It is possible that clinically significant antag- 
onism is often not recognized in patients with complex 
disease states or that investigators who suspect it may be 
reluctant to report adverse results. It is also possible that 
the antagonisms defined under relatively controlled con- 
ditions in vitro may not be significant in vivo, especially 
in the presence of intact host defenses. For whatever rea- 
son, documented reports of clinically significant antag- 
onism are unconunon. 

Combinations of Bacteriostatic Agents 
with p-Lactam Antibiotics 

The clearest example of clinically significant antag- 
onism was reported in a study of pneumococcal menin- 
gitis (304). In that study, patients who were treated with 
peniciUin/chlortetracycline had a mortality rate of 79%, 
versus a mortality rate of only 21% for patients who were 
treated with penicillin alone. Those results presumably 
reflected antimicrobial antagonism in vivo» because tet- 
racycline also prevents the bactericidal action of penicil- 
lin against the pneumococcus in vitro. Although the exact 
mechanism responsible for this effect is unknown, it is 
known that a bacterium must be growing for penicillin 
to express its bactericidal activity and that the bacterio- 
static action of tetracycline on the ribosome inhibits bac- 
terial growth. An additional potential mechanism is in- 
hibition (by tetracycline) of the production of autolysin 
by the pneumococcus (533). 

Like tetracycline, chloramphenicol (a reversible in- 
hibitor of protein synthesis that binds to the SOS subunit 
of the ribosome) has also been shown to antagonize bac- 
terial killing by penicillin in vitro (248, 443) and to re- 
duce the activity of newer p-lactams such as cefotaxime, 
moxalactam, cefoperazone, and aztreonam against Kleb- 
siella pneumoniae (58). Although such studies raise se- 
rious questions about the use of chloramphenicol/p-lac- 
tam combinations (especially for meningitis), attempts to 
reproduce this phenomenon in vivo have met with mixed 
success. For example, antagonism has been demonstrated 
in the dog model of pneumococcal meningitis only when 
chloramphenicol is administered before penicillin. When 
the drugs are given simultaneously or when penicillin is 
given first, antagonism is less marked or absent. Regard- 
less of the initial protocol, continued administration of 
both drugs produced complete killing of the organism in 
this model (558). 

More recent studies have failed to demonstrate antag- 
onism with 3>enicillin/chloramphenicol combinations in 
the rabbit model of meningitis with Haemophilus influen- 
zae or Streptococcus pneumoniae (50). The fact that pen- 
icillin does not inhibit the antibacterial activity of chlor- 
amphenicol (even though chloramphenicol is less 
effective than penicillin against both pneumococci and 
//. influenzae) may account for the lack of significant in 
vivo antagonism in these studies. There have been no 



convincing reports of penicillin/chloramphenicol antag- 
onism against these pathogens in humans. 

Studies of the autolytic enzyme system indicate that 
chloramphenicol inhibits the activity of the autolysin re- 
sponsible for the penicillin-induced lysis and killing of 
pneumococci (533). The fact that chloramphenicol also 
inhibits bacterial growth and protein synthesis may help 
to account for its ability to inhibit the bactericidal action 
of penicillin in vitro. Chloramphenicol also antagonizes 
the bactericidal effect of ciprofloxacin against 5. aureus, 
Escherichia coli^ and P. aeruginosa (447, 602). The ex- 
act interactions leading to this effect have not yet been 
established. 

Combinations of SOS Subunit 
Ribosomal Inhibitors 

Many antimicrobials (erythromycin, lincomycin, 
clindamycin, spiramycin, oleandomycin, sparsomycin. 
puromycin, and chloramphenicol) inhibit bacterial pro- 
tein synthesis by binding to the 50S subunit of the ri- 
bosome. Because a number of these agents bind to the 
same (or very similar) sites on the ribosome (576), the 
use of more than one of these antimicrobials may result 
in competition for target sites, with resultant loss of ac- 
tivity of the most active compound. For example, lin- 
comycin, erythromycin, oleandomycin, and spiramycin 
have been shown to inhibit the binding of chloramphen- 
icol to intact Bacillus megaterium and to ribosomes iso- 
lated from them (554). In addition, 5. aureus strains re- 
sistant to erythromycin also become resistant to 
lincomycin or spiramycin if they are exposed to combi- 
nations of erythromycin plus lincomycin or erythromycin 
plus spiramycin, respectively (29). Similar observations 
have been made with the combination of erythromycin 
plus clindamycin with Staphylococcus epidermidis 
(314). These effects most likely arise from induction of 
methylase enzymes by erythromycin, which renders the 
ribosomes resistant to the other macrolides/lincosamides 
(which are themselves less potent inducers of this sys- 
tem), rather than from direct competition between the 
drugs for ribosomal target sites (359). 

It also appears that the physical state of the ribosome 
may be an important determinant of the activities of these 
drugs. For example, the macrolide antibiotics (erythro- 
mycin, oleandomycin, and spiramycin) prevent the bind- 
ing of chloramphenicol to individual 70S ribosomes but 
not to polysomes (ribosomes on messenger RNA), thus 
raising serious questions about the validity of observa- 
tions made with these agents in cell-free systems (429). 

Although there is convincing evidence that antago- 
nism can occur in vitro with these agents (particularly 
with two macrolide antimicrobials that both bind to the 
50S subunit of the ribosome), there have been no clinical 
reports (of which we are aware) to establish that these 
observations are relevant in vivo. The lack of such reports 
is particularly striking because the combination of eryth- 
romycin plus chloramphenicol was used to provide 
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broad-spectrum coverage for many years before the ad- 
vent of the newer aminoglycosides and cephalosporins 
(443). 

Combinations f Aminoglycosides 
with Bacteri static Agents 

A number of investigators have shown that the bac- 
tericidal activity of the aminoglycosidic aminocyclitols 
(such as gentamicin, tobramycin, amikacin, netilmicin, 
kanamycin, and streptomycin) is antagonized in vitro by 
bacteriostatic agents such as tetracycline or chloram- 
phenicol (247, 443). Although the exact mechanism re- 
sponsible for this antagonism remains unknown, it is pos- 
sible that chloramphenicol and tetracycline inhibit the 
active transport mechanisms necessary for the energy- 
dependent uptake of aminoglycosides into bacterial cells 
(60) or that they prevent the movement of the ribosome 
along messenger RNA. so that it cannot return to form 
the initiation complex that appears to be the critical site 
for the bactericidal action of aminoglycosides (443). 

Several studies have demonstrated in vivo antago- 
nism of aminoglycoside action by chloramphenicol in 
experimental animal models. Combinations, of gentami- 
cin plus chloramphenicol are antagonistic in the treat- 
ment of meningitis due to Proteus mirabilis in rabbits 
(519) and for P. mirabilis peritonitis in neutropenic mice 
(472), Studies of Serratia marcescens peritonitis in nor- 
mal mice have been less clear (443). Although there are 
no published reports (of which we are aware) of antag- 
onism in humans with these combinations, the animal 
studies cited above suggest that aminoglycoside plus 
chloramphenicol (or tetracycline) combinations should 
be used with caution, if at all, in the treatment of im- 
munosuppressed patients or in the treatment of 
meningitis. 

Several reports have suggested that the combination 
of erythromycin (or clindamycin) plus gentamicin may 
be synergistic by the checkerboard method (162. 163. 
303). However, time-kill curve studies with these same 
combinations suggest that clindamycin may antagonize 
the early bactericidal activity of gentamicin (610). 

inactivation of Aminoglycosides 
by p-Lactams 

Prolonged exposure of aminoglycosides to p-lactams 
clearly results in inactivation of the aminoglycosides 
(331, 455, 556). If the two antimicrobials are mixed in 
the same intravenous bottle and allowed to stand, this 
inactivation may be great enough to cause the failure of 
the antimicrobial regimen. Because both p-lactams and 
aminoglycosides are normally excreted by the kidneys at 
a rate much greater than the rate of drug inactivation, this 
chemical interaction is normally insignificant unless the 
patient has serious renal compromise. Although amikacin 
is more resistant to this inactivation than are the other 
aminoglycosides in common use (192), the doses of all 
aminoglycosides must be carefully adjusted in these pa- 



tients (by measuring serum levels), whether or not they 
are also receiving p-lactams. Because this phenomenon 
takes place in the absence of the microorganism, it falls 
outside the realm of antagonism as defined in this chapter 
and is not discussed further. 

Combinations f p-Lactams 

A number of troublesome Gram-negative pathogens, 
such as P. aeruginosa, Enterobacter spp., Citrobacter, 
and Serratia^ possess chromosomally mediated p-lacta- 
mases that are inducible upon exposure of the organisms 
to p-lactam antibiotics (197), A number of p-lactamase- 
resistant cephalosporins not only are potent inducers of 
these enzymes but also may facilitate selection of stably 
derepressed (i.e.. fiilly induced) mutant strains of these 
organisms (198. 474, 476-478). Against strains possess- 
ing such enzymes, the combination of a potent inducer 
of chromosomal p-lactamase (e.g., cefoxitin) with an in- 
trinsically more potent agent that is not fully resistant to 
hydrolysis (e.g.. a ureidopenicillin) may result in signif- 
icant loss of activity of the latter. This is illustrated in 
Figure 9.11, where such a combination was employed 
against a strain of Enterobacter cloacae. Even drugs that 
appear to be relatively resistant to p-lactamase hydroly- 
sis, such as the third-generation cephalosporins, suffer 
loss of activity against fully derepressed mutant strains. 

Although alternative hypotheses have been proposed 
(474). this phenomenon is probably best explained by the 
combined roles of the permeability barrier created by the 
outer cell membrane of Gram-negative organisms and of 
the previously underestimated hydrolytic capacity of 
periplasmic p-lactamases. Vu and Nikaido (555) have 
demonstrated that, in the presence of intact outer cell 
envelope barriers to the penetration of p-lactams, the 
periplasmic p-lactamases of induced cells are capable of 
hydrolyzing the low concentrations of (even relatively 
'* stable*') cephalosporins or penicillins that can be 
achieved in this space. 

Several animal models have been used to demonstrate 
that p-lactam/p-lactam antagonism also occurs in vivo 
(194, 289). Although the clinical significance of these 
observations was not clear initially (477, 567), several 
investigators have now shown that these same phenom- 
ena may occur clinically, resulting in bacteremias and 
other serious infections with organisms that have become 
resistant to the p-lactams initially used for their treatment 
(380. 476). 

During treatment of Enterobacter spp. bacteremias 
with cephalosporins to which the organisms appear sus- 
ceptible by standard laboratory tests, a substantial break- 
through rate of stably derepressed mutants has been doc- 
umented (98). Sanders (475) has described such 
Gram-negative organisms with inducible chromosomal 
p-lactamases as **not truly susceptible to the newer-gen- 
eration cephalosporins," because the resistance genes are 
present but not activated during routine susceptibility 
testing. 
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Combinations of Quinolones 
with Other Agents 

Because of widespread interest in the clinical use of 
fluoroquinolone antimicrobials (e.g., ciprofloxacin and 
ofloxacin), several studies have explored combinations 
of these drugs with a variety of other antibiotics. Fortu- 
nately, such combinations have demonstrated antago- 
nism relatively infrequently (140). In vitro, chloram- 
phenicol antagonizes the bactericidal activity of 
ciprofloxacin against some strains of S. aureus, E. coH, 
and P. aeruginosa (447, 602). By time-kill methods, the 
bactericidal rate of ciprofloxacin against staphylococci 
can be reduced in the presence of other agents demon- 
strating even weaker bactericidal activity (e.g., vanco- 
mycin [418] or rifampin [549]). However, because such 
combinations do not inevitably result in decreased serum 
bactericidal activities (relative to the most active drug 
alone) and may result in the mutual suppression of resis- 
tant subpopulations, it is not certain that such potential 
antagonism would be clinically relevant. Antagonistic ef- 
fects in vitro between fluoroquinolones and novobiocin, 
an older antibiotic that also inhibits DNA gyrase. have 
been reported against staphylococci (308). 

ANTIIWICROBiAL INTERACTIONS 
RESULTING IN SYNERGISM 

Having introduced the most ifrequent justifications for 
the use of combination therapy and the techniques com- 
monly used to assess antimicrobial interaction, we now 
consider the major mechanisms responsible for antimi- 
crobial synergism against bacteria. 

There are four generally accepted mechanisms of an- 
tibacterial synergism: {a) serial (sequential) inhibition of 
a common biochemical pathway (e.g., TMP/SMZ), (b) 
inhibition of protective bacterial enzymes (e.g., cloxacil- 
lin, clavulanic acid, or sulbactam plus a p-lactamase-sus- 
ceptible penicillin), (c) use of combinations of cell wall- 
active agents (e.g., amdinocillin [mecillinam] plus 
ampicillin), and {d) use of cell wall-active agents to en- 
hance the uptake of other antimicrobials (e.g., penicillin 
plus streptomycin). In addition, there are several in- 
stances in which the criteria for synergism are fulfilled 
but the mechanism of drug interaction is unclear (e.g., 
SMZ plus colistin). 

In this section we consider each of these groups of 
interactions, begiiming with the known mechanisms of 
action and resistance (citing examples from both labo- 
ratory and clinical studies) and concluding with a dis- 
cussion of the laboratory results and their clinical appli- 
cation, as well as simple tests that may be used to predict 
resistance to combination therapy. 

Sequential (Serial) Inhibition f a 
Comm n Biochemical Pathway 

The best known example of antimicrobial synergism 
by sequential inhibition of a common biochemical path- 



way is the combination of TMP and SMZ. Two addi- 
tional combinations that most likely also involve sequen- 
tial inhibition of a common pathway are those containing 
amdinocillin (mecillinam) or vancomycin plus penicil- 
lins or cephalosporins (25, 127). For the purposes of this 
chapter, the latter interactions are considered as combi- 
nations of agents acting on the cell wall, although they 
probably act in sequence on biochemical pathways in- 
volved in cell wall synthesis. 

Mechanism of Action 

SMZ and other sulfonamides are thought to exert their 
antibacterial effect by competing with p-aminobenzoic 
acid to prevent the formation of 7,8-dihydropteroate (Fig. 
9.13) (57). 7,8-Dihydropteroate is combined with L-glu- 
tamate to form dihydrofolic acid and is then reduced (in 
the presence of dihydrofolate reductase) to tetrahydro- 
folic acid, which is an essential donor of one-carbon frag- 
ments for the synthesis of thymidine, methionine, gly- 
cine, adenine, and guanine in both bacterial and 
mammalian cells (Fig. 9.13) (137, 225). TMP, pyrimeth- 
amine, and other antifolate agents inhibit dihydrofolate 
reductase and thus inhibit the production of tetrahydro- 
folic acid from dihydrofolic acid (Fig, 9.13) (226). Be- 
cause the effects of TMP plus SMZ, including cell death, 
can be reversed by thymidine, thymineless death is 
thought to be the mechanism by which TMP/SMZ exerts 
its bactericidal effect (279, 531). Bacterial cells generally 
cannot absorb exogenous folates; thus, they are unable 
to bypass the block created by TMP plus SMZ (Fig. 9. 13) 
(225). Manunalian cells, which can absorb exogenous 
folate, are also protected because they contain a different 
dihydrofolate reductase. TMP is more than 10,{X)0 times 
more active against bacterial dihydrofolate reductase 
than it is against the mammalian enzyme (64, 226, 255). 

Although the TMP/SMZ combination acts at at least 
two points in the folate pathway, there has been some 
uncertainty, on theoretical grounds, whether sequential 
inhibition of a linear pathway could produce a truly syn- 
ergistic effect (568). Therefore, it has been proposed that 
sulfonamides may act synergistically with TMP on the 
same enzyme, dihydrofolate reductase (439). In support 
of this concept, it has been shown that a variety of sul- 
fonamides synergize with TMP against an E, coli dihy- 
drofolate reductase in vitro (439). However, the concen- 
trations of sulfonamide used in those studies were several 
orders of magnitude greater than those achievable in 
vivo, and this mechanism would therefore require that 
the organism concentrate sulfonamide for synergism to 
occur either in vitro or in vivo (63, 530). Because there 
is currently no evidence for such high intracellular con- 
centrations of sulfonamides, this seems unlikely. Other 
workers have pointed out that dihydrofolate reductase 
may be in a cyclic rather than a linear pathway (consid- 
ering the recycling of tetrahydrofolate after it has been 
oxidized to dihydrofolate) (Fig. 9. 1 3) and that sequential 
inhibition in such a system should therefore be capable 
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FIgur 9.13. Mechanisms of action of 
sulfonamides and TMP on the folic acid 
pathway. PABA, p-aminobenzoic acid; 
DHPA, 7,8-dihydropteroate; DHFA, di- 
hydrofolic acid; THFA, tetrahydrofolic 
acid. 
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of producing synergism if the sulfonamides reduce the 
quantity of intennediates available (63, 568). Another 
objection raised by some investigators against the afore- 
mentioned hypothesis was that several dihydrofolate re- 
ductase inhibitors with structures quite different from 
that of TMP were ail capable of synergizing with sulfon- 
amides, which would not have been expected if both 
compounds were acting together on the same enzyme 
(530). 

In summary, although sulfonamides and TMP have 
been shown to synergistically inhibit dihydrofolate re- 
ductase activity in vitro, the concentrations of sulfon- 
amide at which this occurs are significantly higher than 
those achievable in vivo, where synergism has been dem- 
onstrated (63, 68). At present, it seems reasonable to re- 
gard sequential inhibition of a common (probably cycli- 
cal) pathway as the most likely basis for the synergism 
observed with TMP plus SMZ. 

Laboratory Studies of TMP plus SMZ 

Laboratory smdies have been performed on a wide 
variety of organisms, using many different methods. The 
dmg concentrations most frequently employed have been 
a 1:20 ratio of TMP to SMZ (the usual ratio of serum 
concentrations achieved with oral administration of the 
commercially available 1:5 combination). This is be- 
cause the optimal ratio of two drugs for the production 
of synergism is thought to be the ratio of their MICs for 
the organism being tested (68), and TMP is 20 to 100 



times as active as SMZ against most bacteria. Therefore, 
using this fixed 1:20 ratio is usually appropriate. Nev- 
ertheless, this ratio may not be optimal for all organisms, 
because at least three genera (Neisseria, Brucella, and 
Nocardia) are more susceptible to SMZ than to TMP and 
should presumably be studied with a different TMP/SMZ 
mixture (68). 

Gram-negative organisms often reported as suscepti- 
ble to TMP plus SMZ m vitro include H, influenzae 
(329), £. coli (2), Salmonella typhi (72), Shigella spp. 
(460), K, pneumoniae (68), Bordetella pertussis (68), and 
Enterobacter spp. (68). Although many isolates are re- 
sistant, TMP/SMZ is one of the few antimicrobials with 
substantial activity against some strains of Pseudomonas 
cepacia and Xanthomonas maltophilia (307, 342). P. 
aeruginosa, which is generally resistant to both TMP and 
SMZ separately, is characteristically also resistant to 
TMP/SMZ synergism. Similarly, Mycobacterium tuber- 
culosis, which is usually resistant to both drugs, has also 
been resistant to the TMP/SMZ combination (68). 

In spite of their relative TMP resistance, a number of 
Neisseria gonorrhoeae strains are synergistically inhib- 
ited by TMP plus SMZ. This is most noticeable using a 
3:1 combination (rather than the usual 1:20 combination) 
(22), which more closely approximates the ratios of the 
MICs of these two drugs for N. gonorrhoeae. 

Among Gram-positive organisms, streptococci and 
pneumococci are susceptible to TMP plus SMZ, as are 
some strains of 5. aureus. Enterococci {Enterococcus 
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faecalis) are typically resistant to TMP/SMZ synergism 
in vivo because they are able to absorb exogenous folate 
and thus bypass the metabolic block produced by the 
drug combinaUon (Fig. 9.13) (68, 225, 226). Among the 
actinomycetes, synergism has been shown in vitro for 
Nocardia asteroides (332). Thus, the in vitro laboratory 
data suggest a wide range of bacteria against which the 
TMP/SMZ combination might be effective in vivo. 

Mechanism of Resistance In Vitro 

There are at least two mechanisms by which bacteria 
may be resistant to TMP/SMZ synergism in vitro (Fig. 
9.14): {a) an altered dihydropteroate synthetase with a 
decreased affinity for sulfonamides and {b) an altered di- 
hydrofolate reductase with a decreased affinity for TMP 
Resistance to TMP based on intrinsically poor drug pen- 
etration (e.g., />. aeruginosa) or acquired reductions in 
bactenal cell envelope permeability (e.g., K, pneumo- 
niae) has also been described (241). 

Sulfonamide resistance was noted shortly after sulfa 
drugs were first introduced for clinical use. In 1952 it 
was postulated that the basis of this resistance might *be 
an enzyme with decreased affinity for sulfonamides 
(117). SubsequenUy, in 1963, it was demonstrated that 
the dihydropteroate synthetase activity of sulfonamide- 
resistant £. coli mutants was resistant to sulfonamide in- 
hibition (417). These findings were later corroborated by 
Icinetic studies of dihydropteroate synthetase activity in 
sulfonamide-resistant Neisseria meningitidis and N, gon- 



Figure 9.14. Mechanisms of resist- 
ance to sulfonamides and TMP in vitro. 
The most prevalent mechanisms of re- 
sistance are altered dihydropteroate 
synthetase and dihydrofolate reductase 
enzymes with decreased affinities for 
sulfonamides and TMP, respectively. 
See text for details; abbreviations are as 
in Figure 9.13. 
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orrhoeae (229). It is now clear that the basis of this re- 
sistance in some clinical isolates of sulfonamide-resistant 
E, coli is a plasmid coding for a different dihydropteroate 
synthetase with decreased affinity for sulfonamides. Both 
the sulfonamide resistance phenotype and the less heat- 
stable enzyme (which has a lower molecular weight than 
the wild-type enzyme) were transferable to recipient 
strains (586). It was demonstrated in 1945 that some sul- 
fonamide-resistant strains produced increased quantities 
of p-aminobenzoic acid (292). However, it is not certain 
that this was the cause of the resistance observed, and 
the significance of this observation in sulfonamide-resis- 
tant strains remains unclear, although it has subsequenUy 
been confirmed by other workers (243, 579). 

TMP resistance was not a problem in early studies. 
TMP had been chosen from a group of several antifolates 
after examination of their activities against the dihydro- 
folate reductases of several species (64, 225, 226). The 
concentration of TMP necessary for 50% inhibition of 
human dihydrofolate reductase activity in these studies 
was 60,0(X) times that required for a similar effect on 
bacterial dihydrofolate reductase (5. aureus, Proteus vul- 
garis, and E. coli) (64, 225, 226). Thus, the choice of 
TMP as a therapeutic agent took advantage of nanirally 
occurring species differences in enzyme function. 

However, bacterial dihydrofolate reductases that are 
resistant to TMP have now been described (7, 422, 498). 
Transfer experiments in 1972 first suggested that this 
TMP resistance might be plasmid-mediated (170). Later 
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work confinned that the previously mentioned TMP-re- 
sistant dihydrofolate reductases are transferable (i.e., pre- 
sumably plasmid-mediated) (7, 498). Two different plas- 
mid-mediated, TMP-resistant dihydrofolate reductases^ 
which could be distinguished by their relative suscepti- 
bility to TMP and by their pH optima (both had molec- 
ular weights of 32.000 to 37,000), were then described 
(422). Subsequent investigations determined the amino 
acid sequence of another TMP-resistant dihydrofolate re- 
ductase from £: co/C which is similar in molecular weight- 
to the wild-type TMP-susceptible enzyme (517). Since 
that time, several additional distinct, plasmid-mediated, 
TMP-resistant dihydrofolate reductases have been rec- 
ognized (241, 496). 

Mechanisms of Resistance to TMP plus 
SMZ In Vivo 

As mentioned above, enterococci are generally resis- 
tant to the TMP/SMZ combination in vivo because they 
are able to absorb the exogenous folates present in human 
plasma (44. 68, 225. 226). Two animal studies have dem- 
onstrated lack of activity of TMP plus SMZ against en- 
terococcal infections in vivo, despite activity in vitro (93, 
201). In the rat endocarditis model, numbers of residual 
bacteria in cardiac vegetations of TMP/SMZ-treated an- 
imals were identical to those of untreated controls (201). 

Clinical Studies of TMP plus SMZ 

Most clinical trials of TMP/SMZ synergism have 
used a fixed combination with five times as much SMZ 
as TMP (by weight). This combination usually produces 
serum levels of SMZ in humans approximately 20 times 
those of TMP (in micrograms per milliliter) (108, 161), 
which is close to the most frequent ratio of their MICs 
against common pathogens (see ** Laboratory Studies of 

TMP plus SMZ* ')- 

Problems associated with the use of the TMP/SMZ 
combination include decreased intestinal absorption and 
inadequate serum antimicrobial concentrations in criti- 
cally ill patients with ileus, and fluid overload with in- 
travenous administration in patients with renal and/or 
cardiac failure (because both drugs are only sparingly 
soluble in water). TMP/SMZ toxicity is most frequently 
due to hypersensitivity reactions to one of the two com- 
ponents (especially SMZ). Although neutropenia and 
thrombocytopenia do occur with TMP plus SMZ, partic- 
ularly in children (18), marrow depression secondary to 
the antifolate effect of TMP alone has not commonly 
been reported under ordinary circumstances (171). 
Higher frequencies of adverse effects, including hyper- 
sensitivity reactions and hematologic effects, however, 
have been observed in patients with human immunode- 
ficiency virus infection (99). On theoretical grounds, it 
should always be possible to reverse marrow toxicity 
(when it occurs) with folinic acid, which mammalian 



cells (but not bacteria other than enterococci) can absorb 
from their external environment. 

The primary route of excretion for both drugs is 
through the kidneys, with an elimination half-life of 1 1 
to 14 hours (257, 400). Although the dose should there- 
fore be reduced in patients with renal failure (577), TMP/ 
SMZ has been successfully used for the treatment of uri- 
nary tract infections \n these patients (40). 

Substantial experience has now accumulated with the 
use of TMP pius SMZ fo£ meningitis and brain abscess. 
The available data suggest that SMZ readily crosses the 
blood-brain barrier into the cerebrospinal fluid and that 
TMP penetrates well across mildly inflamed meninges. 
Levels of TMP and SMZ in brain tissue of a patient being 
treated for N. asteroides brain abscess were reported to 
be 5,1 and 36.0 jig/g of tissue, respectively, 6 hours after 
the last TMP/SMZ dose, using only 160/800 mg twice 
daily (332). 

Several Gram-negative organisms, which are often 
ampicillin-resistant, pose problems in therapy that may 
be resolved, at least in part, by the use of TMP plus SMZ. 
S. typhi strains have been found in Mexico that are re- 
sistant not only to chloramphenicol, as previously doc- 
umented in Southeast Asia (73), but also to ampicillin 
(407). TMP/SMZ would be expected to be effective 
against such strains in vivo (if they are susceptible in 
vitro), as it was against chloramphenicol-resistant. am- 
picillin-susceptible strains in Southeast Asia and in Mex- 
ico (73, 186). 

Ampicillin-resistant shigellae were a major problem 
in Mexico and the southwestern United States. Because 
patients with ampicillin-resistant organisms continue to 
have diarrhea and positive stool cultures during ampicil- 
lin treatment, and because the resistant shigellae are often 
susceptible to TMP plus SMZ in vitro (460), several trials 
were carried out to assess the efficacy of TMP/SMZ in 
the treatment of shigellosis. The results of these studies 
suggest that TMP/SMZ is at least as good as ampicillin 
for the treatment of this disease (92, 387). Unfortunately, 
TMP-resistant strains of shigella that are also resistant to 
TMP/SMZ synergism have now been reported from 
many parts of the world (312). 

H. influenzae type b organisms resistant to ampicillin 
were first noted in the United States in 1974 (264. 534). 
Since that time, these strains have appeared widely in the 
United States (487). Because ampicillin-resistant strains 
are typically susceptible to TMP plus SMZ in vitro, there 
has been continuing interest in use of TMP/SMZ to treat 
infections caused by these strains. Although both eryth- 
romycin/SMZ (487) and streptomycin/SMZ (350) com- 
binations have also been used, TMP/SMZ has continued 
to play an important role in the treatment of ampicillin- 
resistant //. influenzae infection- 
Other infections in which TMP/SMZ has been effi- 
cacious include gonorrhea (22) and infections with mul- 
tiply resistant Acinetobacter calcoaceticus, Enterobacter 
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spp., and M asteroides (332, 399). This combination has 
also proven useful in the treatment of serious infections 
due to methicillin-resistant but TMP/SMZ-susceptible 
. strains of S. awrew^ in patients who cannot-tolerate van- 
comycin (444). TMP/SM2 has also been employed suc- 
cessfully in the treatment of infection due to Listeria 
monocytogenes (507). 

TMP/SMZ is also useful for the treatment of urinary 
tract infections due to Gram-negative organisms, espe- 
cially the Enterobacteriaceae. Its activity is enhanced by 
increased levels in the urine secondary to renal concen- 
tration and, in particular, because levels of TMP (the 
more active component for most organisms) are. in- 
creased more than those of SMZ (486). 

Additional indications for TMP/SMZ include the pre- 
vention of recurrent urinary tract infection (219. 51 1) and 
the treatment of chronic prostatitis, because TMP pene- 
trates especially well into prostatic fluid (351). (TMP is 
concentrated in prostatic secretions to levels three times 
plasma levels, but SMZ levels in prostatic secretions are 
only one tenth those found in plasma [585].) TMP/SMZ 
has also been established as effective for the prophylaxis 
and treatment of Pneumocystis carinii pneumonia (68, 
69) and is now widely used for this purpose (99). 

Predicting Resistance to Therapy 

Problems with TW/SMZ susceptibility testing are 
most frequently related to the thymidine content of the 
testing media, i.e.. the TMP MIC has been shown to rise 
with the thymidine content (279). Similar problems oc- 
curred earlier in sulfonamide testing, and in 1945 it was 
demonstrated that lysed horse blood could improve oth- 
erwise unsuitable media (220). Since then it has been 
shown that lysed horse red ceUs contain thymidine phos- 
phorylase, which converts thymidine to thymine, thus de- 
creasing its ability to antagonize the TMP/SMZ blockade 
by approximately 100-fold (68). 

For this reason. Bushby (68) has recommended the 
addition of lysed horse blood to media used for TMP/ 
SMZ testing, unless the thymidine content is known to 
be less than 0.3 p-g/mL. Unsupplemented Mueller-Hin- 
ton agar is usually satisfactory (34, 560), but agar lots 
should be screened for the absence of significant amounts 
of thymidine or thymine by demonstrating inhibition of 
control strains of E, faecalis by TMP/SMZ disks (34). 
For susceptibility testing with TMP/SMZ in broth, sup- 
plementation of the medium with lysed horse blood or 
addition of commercially available thymidine phosphor- 
ylase usually results in satisfactory performance (386). 

Inhibition of Enzymes That Render 
Antimicrobial Agents inactive 

This section describes antimicrobial combinations in 
which one drug interferes with either the production or 
the action of a bacterial enzyme, thus permitting another 
drug (which would otherwise have been ineffective) to 
be active. 



Meclianism of Action 

Bacterial enzymes may exert a protective effect bv 
hydrolyzing a substrate such as penicillin, thus rendering 
it inactive against the" bacterial ceirTwb approaches to 
antimicrobial synergism have attempted to circumvent 
this mechanism, by (a) using another drug to prevent the 
production of p-lactamase or {b) binding the enzyme so 
tighUy that it is not free to act on the susceptible (hydro- 
lyzable) penicillin, thus allowing that penicillin to remain 
mtact and to exert its bactericidal effect on the p-lactam- 
ase-producing organism (Fig. 9.15). Inhibitors of an ami- 
noglycoside-modifying enzyme (aminoglycoside-2''-0- 
adenylyltransferase) have also been described and 
potentiate the activities against enzyme-producing Gram- 
negative bacilli of aminoglycosides susceptible to mod- 
ification at the 2"-position (4). A third approach has been 
the use of a urease inhibitor (acetohydroxamic acid) 
(382) to prevent the rise in urinary pH associated with 
urease activity (especially in Proteus infections), so that 
drugs that require acidic urine (methenamine mandelate) 
(381) might be effective. This urease inhibitor also in- 
hibits growth of Helicobacter pylori at high concentra- 
tions and appears to augment activities of various anti- 
microbials against some isolates (434). However, neither 
the aminoglycoside-modifying enzyme inhibitors nor in- 
hibitors of urease activity have been developed to a level 
of clinical utility and, therefore, are not discussed fiirther 
in this chapter. 

Laboratory Studies of Synergism by Inliibition 
of Enzymes Tliat Render Antimicrobial 
Agents Inactive 

Penicillin Combinations Using an Inhibitor P-Lac- 
tam to Bind P-Lactamase. A substantial body of lit- 
erature describes the use of penicillin combinations 
against p-lactamase-producing strains in vitro. In early 
studies, these combinations usually involved an inhibitor 
(less hydrolyzable) penicillin (e.g., cloxacillin) to bind 
the P-lactamase and a hydrolyzable penicillin (e.g., pen- 
icillin G), which would ordinarily have been inactivated 
by P-lactamase. It has been suggested that four criteria 
must be met for such combinations to successfully pro- 
duce synergism (464): {a) P-lactamase must be a major 
factor in the resistance of the organism to penicillin, (b) 
the inhibitor p-lactam must be resistant to the P-lactam- 
ase of the organism, (c) the inhibitor p-lactam must have 
a greater affinity for the p-Iactamase than does the hy- 
drolyzable penicillin, and {d) the inhibitor P-lactam must 
be relatively ineffective as an antimicrobial against the 
test strain at the concenu-ation employed (otherwise, it 
would inhibit and kiU the test organism alone). 

The failure to demonstrate synergism in early studies 
with S. aureus (467) was attributed to a low affinity of 
the inhibitor penicillin for staphylococcal penicillinase 
(464). The affinity of methicillin (the inhibitor penicillin) 
for staphylococcal P-lactamase is less than 10"^ that of 
benzylpenicillin (403). 
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Figure 9.15. Mechanisms of synergism due to inhibition 
of the production or the action of p-lactamase. Inhibitors 
of protein synthesis, such as chloramphenicol, act by de- 
creasing the synthesis of p-lactamase. (Clindamycin 
[not shown] may act by preventing the derepression of in- 



ducible p-lactamases.) Inhibitor ^-lactams (such as clox- 
acillin, methicillin. ciavulanic acid, tazobactam, and sulbac- 
tam) act by binding to bacterial p-lactamases and thus de- 
creasing their ability to inactivate other hydrolyzable 
p-lactams. 



However, study of Gram-negative organisms, partic- 
ularly Pseudomonas pyocyanea, revealed that their p- 
lactamases have a much greater affinity for methicillin 
and cloxacillin than for penicillin or ampicillin, thus 
opening the way for consideration of synergistic penicil- 
lin combinations (465). This type of synergism has been 
reported in vitro against P. aeruginosa (466), E. coli 
(525), Proteus spp. (404), Klebsiella spp. (466), Entero- 
bacter spp. (158), and a number of other Gram-negative 
organisms. Because it requkes very high concentrations 
of methicillin or cloxacillin to produce synergism with 
penicillins against Gram-negative bacilli, such combi- 
nations have been useful only in the treatment of urinary 
tract infections. 

Ciavulanic acid, a p-lactam isolated from Strepto- 
myces clavuligerus, has also been shown to inhibit the 
penicillinases produced by a number of bacteria (66, 
446). Although it shares a common P-lactam ring with 
penicillin, it differs structurally in several aspects (Fig. 
9.16) (446): (a) the sulfur atom of the thiazolidine ring 
is replaced by an oxygen, producing an oxazolidine ring; 
(b) there is no side chain connected by an amide linkage 
at position 6 of the p-lactam ring; and (c) the two methyl 
groups at position 2 of the diiazolidine ring are replaced 
by a p-hydroxylethylidine group. Also shown in Figure 
9.16 is the chemical structure of the sulfone sulbactam 
(150), another p-lactamase inhibitor that has been de- 
veloped for clinical use. In vitro studies have shown that 
ciavulanic acid and sulbactam inhibit the plasmid-medi- 
ated p-lactamases of 5. aureus and many Enterobacteri- 
aceae but are ineffective against the chromosomal p-lac- 
tamases of P. aeruginosa and E. cloacae and a 



chromosomally mediated enzyme from E. coli (66, 446). 
The most recently introduced p-lactamase inhibitor, 
tazobactam, is another penicillinic acid sulfone that 
is available in fixed combinations with piperacillin 
(14), 

Although none of these inhibitors demonstrates sig- 
nificant antimicrobial activity against most commonly 
encountered organisms (67, 394, 589), all three drugs 
considerably extend the spectrum of hydrolyzable peni- 
cillins and cephalosporins against a broad range of Gram- 
negative and Gram-positive organisms possessing (usu- 
ally plasmid-mediated) p-lactamases susceptible to 
inhibition by these drugs (14, 150. 288, 300, 431, 446, 
497, 591, 592, 594). Synergism between amoxicillin and 
clavulanate, ticarcillin and clavulanate, ampicillin and 
sulbactam, or piperacillin and tazobactam, the four fixed- 
dose p-lactam/p-lactamase inhibitor combinations cur- 
rently available in the United States, yields useful anti- 
microbial activity against many strains of 5. aureus^ B. 
fragilis, H. influenzae, K. pneumoniae, and other Entero- 
bacteriaceae, among others (33, 199, 288, 553). These 
inhibitors also restore activities of several third-genera- 
tion cephalosporins against Enterobacteriaceae produc- 
ing a number of plasmid-mediated, extended-spectrum 
P-lactamases, most of which are related to TEM or SHV 
enzymes (245, 41 1). As stated above, such combinations 
offer little advantage against most P. aeruginosa or £. 
cloacae strains, whose chromosomal P-lactamases are 
poorly inhibited by these agents. In fact, at high concen- 
trations, ciavulanic acid may function as an inducer of 
these derepressible P-lactamases, hence antagonizing the 
activities of the intrinsically more active penicillins 
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Figure 9.16. Structures of penicillin, clavulanic acid, and 
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and sulbactam) share a double-ring stmcture and the 
fi-lactam bond in common with penicillin. 



against some strains (138). Compounds that inhibit chro- 
mosomal 3-lactaniases of Gram-negative bacteria have 
been developed, e.g., BRL 42715 (100, 605), but none is 
available for clinical use at this time. 

Inhibition of p-Lactamase Production. Because 
pemcillmases (p-Iactamases) are proteins, the use of 
drugs that inhibit protein synthesis might theoretically 
inhibit their production enough to render p-lactamase- 
producing organisms susceptible to penicillin. Therefore 
several investigators have examined antimicrobial com- 
bmauons of inhibitors of protein synthesis (e.g., chlor- 
amphenicol) with penicillin in vitro against strains that 
produce 3-lactamase and are thus characteristically pen- 
icillin-resistant. 

It was demonstrated in 1973 that chloramphenicol 
could synergize with p-lactam antibiotics against Kleb- 
siella, Emerobacten and Serratia (322). Because these 
combmations were more frequenUy synergistic against 
strains resistant to P-lactams, it seemed possible that 
chloramphenicol might exert its effect through inhibition 
of the protem synthesis required for 3-lactamase produc- 
tion. This hypothesis was later supported by a study of 
Enterobacteriaceae in which the killing-curve technique 
was used to demonstrate synergism between cephalori- 
dine (12.5 to 500.0 ^g/mL) and chloramphenicol (6 ixg/ 
mL) against 10 of 10 p-lactamase-producing strains 
(355). Although chloramphenicol reduced the loss of 
cephaloridine activity in the medium (measured by bio- 
assay) in that study. P-lactamase was not measured and 
chloramphenicol-induced inhibition of P-lactamase'pro- 
ducuon was implied but not proven. The same group of 
mvestigators later reported penicillin/chloramphenicol 
synergism against 17 of 20 p-lactamase-producing 
su-ams of 5. aureus (356). Although high concentrations 
of chloramphenicol antagonized the inhibitory effect of 
penicillm, lower concentrations (4 ^jig/mL) prevented 
measurable p-lactamase production and produced syn- 
ergism, as determined by the cellophane-transfer tech- 
nique (86). More recently, clindamycin was demon- 
strated to inhibit derepression of the inducible 
P-lactamases of E. cloacae and P, aeruginosa (479) 
Combined with cefamandole (an agent susceptible to hy- 
drolysis by the E. cloacae enzyme), clindamycin aug- 
mented the in vitro bactericidal activity and in vivo ef- 
ficacy of the cephalosporin. 



Resistance to Synergism by Inhibition of 
Bacterial Enzymes That Render Antimicrobial 
Agents Inactive 

Combinations Using an Inhibitor P-Lactam to 
Bind P-Lactamase. As mentioned above, a p-lactam 
inhibitor that is bound more tighUy to P-lactamase than 
is a hydrolyzable penicillin or cephalosporin may pro- 
duce synergism against certain organisms when com- 
bmed with that penicillin or cephalosporin. Inadequate 
bmding of cloxaciUin to staphylococcal p-lactamase was 
a major reason for failure to demonstrate penicillin/clox- 
aciUm synergism against S, aureus (467). Such combi- 
nauons (ampicillin/cloxaciUin) also synergistically in- 
hibit Gram-negative organisms, but poor penetration of 
the latter drug into these organisms severely limits the 
usefnhiess of such combinations (52). Obviously addi- 
tion of clavulanic acid, sulbactam, or tazobactam to pen- 
iciUms or cephalosporins offers no advantage against 
strams resistant to the latter based on production of en- 
zymes (primarily chromosomal) against which the inhib- 
itors are inactive (66). Several novel, plasmid-mediated 
P-lactamases that are resistant to inhibition by the cur- 
rently available inhibitors have been reported (245 412) 
One of these, designated MIR-1, is mediated by a gene 
with DNA sequence similarity to that mediating produc- 
Uon of chromosomal cephalosporinase of E. cloacae 
which appears to explain both the origin of this enzyme 
and us resistance to inhibition (412). Resistance to p- 
lactam/p-lactamase combinations (e.g., amoxicillin/cla- 
vulanate) among some strains of E. coli has been attrib- 
uted to hypeiproduction of TEM-type P-lactamases 
(agamst which clavulanate is usually active) encoded by 
small multicopy plasmids (343). 

Inhibition of p-Lactamase Production. The use of 
inhibitors of protein synthesis to inhibit P-lactamase syn- 
thesis and thereby potentiate activity of an otherwise hy- 
drolyzable p-lactam has not proven feasible for general 
use. Therefore, resistance mechanisms are largely theo- 
retical and would include: {a) emergence of resistance to 
the mhibitor of protein synthesis, rendering it ineffective 
in inhibiting P-lactamase synthesis; and {b) manifesta- 
Uon of antagonistic interactions arising from interference 
with p-lactam-induced lysis, either by direct inhibition 
(by chloramphenicol) of celJular autolysins or by gen- 
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eration of a population of nongrowing cells that are less 
susceptible to penicillin-induced lysis (533). 

Clinical Studies of Synergism by Inhibition 
of Bacterial Enzymes That Render 
Antimicrobial Agents Inactive 

Penicillin Combinations Using an Inhibitor p-Lac- 
tam to Bind p-Lactamase. The use of older p-lactam- 
ase-resistant .peniciUins„ (e.g., clpxacillM to . synergisti- 
cally enhance the activities of hydrolyzable penicillins 
(e.g., ampicillin) against Gram-negative bacilli was se- 
verely constrained by the fact that effective concentra- 
tions of the former often exceeded levels readily achiev- 
able in serum (158). Therefore, use of such combinations 
was limited to treatment of urinary tract infections (464, 
466). In contrast, combinations of clavulanic acid with 
amoxicillin or ticarcillin, of sulbactam with ampicillin, 
and of tazobactam with piperaciUin have proven effica- 
cious against infections caused by a wide variety of sus- 
ceptible pathogens and are currently approved for cUnical 
use in the United States (14, 199, 589). Such combina- 
tions not only provide greater potency than the peniciUm 
alone against some organisms (e.g., B.fragilis) but also 
extend the antibacterial spectrum to bacteria usuaUy re- 
sistant to clinically achievable concentrations of these 
penicillins alone (e.g., K. pneumoniae and S. aureus). 
One novel approach was to combine ampicillin with sul- 
bactam through an ester linkage to create a new com- 
pound (sultamiciUin) that, after in vivo hydrolysis to the 
parent drugs, produced higher serum levels after oral ad- 
ministration than observed with either of the single 
agents alone (142). 

Inhibition of p-Lactamase Production. Clmical 
trials have not been carried out to test the use of inhibitors 
of protein synthesis to block penicillinase production and 
thus render p-lactamase-producing organisms penicillin- 
sensitive. The major theoretical reason for the lack of 
such trials is probably the narrow range of chloramphen- 
icol concentrations over which synergism has been ob- 
served in vitro, with documented antagonism at slighUy 
higher levels (356). It seems unlikely that one could ap- 
proach such precise regulation of antibiotic levels clini- 
cally, even with continuous intravenous infusion, which 
would be prohibitively expensive and complex. The ma- 
jor practical reason that such studies have not been forth- 
coming is probably the availability of several newer 
drugs resistant to the p-lactamases of concern. 

Combinations of Agents That Act on the 
Bacterial Cell Wall 

Although the penicillin combinations described ear- 
lier are combinations of agents that, in principle, have 
activity against bacterial cell wall synthesis, the inhibitor 
penicillin in those combinations is primarily functioning 
to bind p-lactamase and probably does not affect cell 



wall synthesis of most organisms at clinically relevant 
concentrations. In this section, we consider combinations 
in which both antunicrobials appear to act on the bacte- 
rial cell wall. 

It has been known for many years that penicillin in- 
hibits bacterial cell wall synthesis, particularly at the 
cross-linking step (46). There has been interest in com- 
binations of penicillin with drugs that act earlier than the 
cross-linking step of cell wall synthesis (e.g., p-chloro- 
D-alanine, phosphonic acid, or vancomycin) or with P- 
iactamslhat have morphologic effects on bacteria differ- - 
ent from those seen with penicillin (e.g., amdinocillin, 
formerly known as mecillinam). resulting from inhibition 
of different penicillin-binding proteins (PBPs) (413) than 
those that are the primary targets of penicillin. Examples 
of such combinations, few of which are clinically im- 
portant, are given in this section. 

Mechanism of Action 

P-Chloro-D-alanine plus Penicillin. p-Chloro-D- 
alanine (an analog of D-alanine) probably acts by com- 
petitively inhibiting the synthesis and/or attachment of 
the terminal D-alanine dipeptide to the pentapeptide nec- 
essary for production of the bacterial cell wall (337). The 
enzymes that have been implicated as the sites of this 
inhibition axe alanine racemase (which converts L-ala- 
nine to D-alanine) and D-glutamate-D-alanine transami- 
nase (which transfers the D-alanine-D-alanine dipeptide 
to the /V-acetyl-uridine diphosphate peptide) (504). Thus, 
the synergism observed with p-chloro-D-alanine plus 
penicillin is presumably the result of activity exerted at 
two points in the sequence of cell wall synthesis: (a) 
decreased production and attachment of the D-alanine 
dipeptide due to p-chloro-D-alanine and {b) inhibition of 
the later cross-linking step due to penicillin, 

Phosphonic Acid Derivatives plus P-Lactams. 
Phosphonic acid derivatives, such as fosmidomycin, ala- 
fosfalin, and fosfomycin, also inhibit the early steps of 
cell wall synthesis. Thus, mechanisms of synergy with 
p-lactams are presumably analogous to those of P- 
chloro-D-alanine (discussed in **p-Chloro-D-alanine 
plus Penicillin' *)• These drugs have been shown to inhibit 
alanine racemase and uridine 5 '-diphosphate N-acetyl- 
muramyl-L-alanine synthetase (alafosfalin) (19) and 
phosphoenolpyruvate synthetase (fosmidomycin and fos- 
fomycin) (254, 397). Fosfomycin may also affect the 
synthesis of PBPs (207, 548), providing yet another pos- 
sible mechanism of interaction with p-lactams. 

Amdinocillin plus Other p-Lactams. Amdinocil- 
lin (formerly known as mecillinam) is a P-lactam 
antibiotic that differs in structure from penicillin in one 
major respect: it has an amidino side chain at the 6- 
position, in contrast to the acylamino side chain at the 6- 
position of the more traditional penicillins (Fig, 9.17) 
(323). Exposure of bacteria to amdinocillin results in the 
formation of large spherical cells that lyse without for- 
mation of spheroplasts (205, 323, 413). These observa- 
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tions suggest a different mode of action for amdinocillin 
than for penicillin, which typically produces filamentous 
forms of E. coli at low concentrations, bulges in bacilli 
at intermediate concentrations, and finally spheroplasts 
(which lyse unless maintained in a hypertonic medium) 
at high concentrations (Fig. 9.18) (509). Additional evi- 
dence for a different mechanism of action for amdino- 
cillin was provided by the observation that it does not 
inhibit the murein transpeptidase (cross-linking enzyme), 
D-alanine carboxypeptidase I. or murein endopeptidase 
activities of E. coli, all of which are inhibited by ampi- 
cillin (413). With the development of techniques to elec- 
trophoretically separate PBPs of the bacterial cytoplas- 
mic membrane, it became clear that binding of 
amdinocillin to its primary target — PBP-2 in E. coli — 
accounts for the morphologic changes mentioned above 
(508, 510, 532). Because most of the other penicillins 
and cephalosporins used clinically bind preferentially to 
other PBPs (532), combination of amdinocillin with p- 
lactams acting at complementary target sites might result 
in synergistic antibacterial interactions. 

Vancomycin Combined with Penicillins and Ceph- 
alosporins. Although amdinocillin/penicillin combi- 
nations are probably the best example of synergism due 
to combinations of agents that act on the bacterial cell 
wall, combinations of vancomycin with penicillins and 
cephalosporins could act by a similar mechanism (127). 
Because vancomycin acts earlier than the cross-linking 
step of cell wall synthesis (it inhibits the synthesis of 
peptidoglycan) (347), its interaction with penicillins or 
cephalosporins could be classified either as sequential in- 
hibition of a conmion biochemical pathway or (as we 
have done) as synergism due to a combination of agents 
that act on the bacterial cell wall. 
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Structure of amdinocillin. 



Figure 9.1 8. Morphologic effects of increasing 
concentrations of penicillin on coli. (Repro- 
duced with permission from Spratt [509].) 



Laboratory Studies Using Combinations of 
Agents That Act on the Bacterial Cell Wall 

P-Chloro-D-alanine plus Penicillin. Using a Sal- 
monella typhimurium strain resistant to penicillin, syn- 
ergism has been demonstrated with penicillin and con- 
centrations of p-chloro-D-alanine that are ineffective 
when used alone (4 to 8 p-g/mL) (504). 

Phosphonic Acid Derivatives plus ^-Lactams. 
Alafosfalin plus amdinocillin or ampicillin produce syn- 
ergism against a variety of Enterobacteriaceae (19). Sim- 
ilarly, fosmidomycin plus penicillin or cephalosporin 
combinations are synergistic against many E. coli, K. 
pneumoniae, and S. marcescens (397), Combinations of 
fosfomycin with a variety of p-lactams have yielded syn- 
ergistic inhibition of a wide range of organisms, includ- 
ing Enterobacteriaceae (426), Pseudomonas (526), and 
staphylococci (6). However, because bacterial strains re- 
sistant to fosfomycin can be selected easily, both in vitro 
and in vivo (529), it is not clear in most cases whether a 
beneficial interaction of two drugs results primarily from 
true synergism or from the suppression of resistant 
clones. Combination of fosfomycin with daptomycin, a 
cyclic lipopeptide antibiotic (included here for conve- 
nience, although it is not a 3-lactam) active at the level 
of cell wall synthesis, has resulted in synergism against 
EJaecalis, including strains demonstrating high-level re- 
sistance to gentamicin (453). Fosfomycin induces alter- 
ations in PBP patterns in 5. aureus, resulting in variable, 
concentration-dependent interactions with oxacillin 
(384). Alterations in PBP patterns upon incubation in 
fosfomycin have also been demonstrated with entero- 
cocci, which has been suggested as a mechanism of en- 
hanced activity when this drug is combined with peni- 
cillin (207). 

Amdinocillin plus Other ^-lactams. A number of 
reports have described the action of amdinocillin on bac- 
terial cells. Susceptibility studies suggest that amdino- 
cillin alone is active in vitro (MIC of <63 p-g/mL) 
against many Enterobacteriaceae (including coli, 
Klebsiella, Enterobacter, Salmonella, and Shigella). Re- 
sistant organisms include P. aeruginosa, Acinetobacter, 
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Serratia, Proteus, Providencia, H. influenzae, most 
Gram-positive cocci and bacilli, and the Gram-negative 
anaerobes (388). The morphologic effects of amdinocil- 
lin and bacterial structure have been reexamined by sev- 
eral investigators. Most reports describe an initial change 
from typical Gram-negative rods to ovoids or ellipses, 
followed by the appearance of large spherical forms (di- 
ameter of 5 ixm) (544) and then by lysis in 2 to 3 hours 
(354) unless the ceUs are protected by a hypertonic me- 
dium (203). In the initial in vitro studies, it was not clear- 
why amdinocillin could inhibit the growth of p-lactam- 
ase-producing Enterobacteriaceae. because it was hydro- 
lyzed by several of these enzymes. It now appears that 
the explanation may be a low affinity of those (i-lacta- 
mases for amdinocillin (454). 

In these and other studies with amdinocillin, different 
laboratory methods may produce apparentiy conflicting 
results. Because amdinocillin tends to cause the produc- 
tion of large spherical forms, the optical density (turbid- 
ity) of the culture may remain the same or increase while 
the number of CFU per milliliter decreases (Fig. 9.19) 
(545). Therefore, although a decrease in optical density 
with amdinocillin is probably meaningful, the signifi- 
cance of a stable or rising value would need to be cor- 
roborated by determining the number of CFU per 
milliliter. 

In vitro combinations of amdinocillin with other 
lactams have demonstrated synergism against E. coli 
(389, 545), Klebsiella (25, 389), Enterobacter (389), Ci- 
trobacter (390), indole-negative Proteus (25, 389), Shi- 
gella (390), Salmonella (390), and otiier Gram-negative 
aerobes, especially Enterobacteriaceae, which are typi- 
caUy susceptible to amdinocillin. Synergism is usually 




HOURS OF iNCUeATtON 
Figure 9.19. Effect of amdinocillin on the growth of B. 

coli, as measured by colony counts ( ) and by optical 

density ( ). (Adapted from Tybring and Melchior 

[545], with permission.) 



not seen against Gram-positive cocci (streptococci or 
staphylococci), Gram-positive bacilli {Clostridia or Lis- 
teria), indole-positive Proteus (389), or Gram-negative 
anaerobes (389), which are generally resistant to amdi- 
nocillin alone (see above). Although studies of amdino- 
cillin/p-lactam synergism have usually employed amdi- 
nocillin/ampicillin combinations, the use of cloxacillin 
(42), amoxicillin (389), carbenicillin (25), cephalothin 
(390), cephradine (263), and other p-lactams with am- 
dinocillin has yielded similar results. - 

More recent studies have provided support for the co- 
operative interaction between p-lactams at the level of 
specific high-affinity targets (PBPs) in augmenting bac- 
terial death and lysis. Gutmann et al. (211) demonstrated 
rapid bactericidal effects against E. coli with combina- 
tions of amdinocillin (PBP-2-specific) plus aztreonam 
(PBP-3-specific) at drug concentrations that were only 
bacteriostatic individually. The relevance of PBP binding 
(and, hence, inactivation of these enzymes) in this phe- 
nomenon was further supported by studies with temper- 
ature-sensitive PBP-2 or PBP-3 mutants. Under condi- 
tions in which one or the other of these was not 
expressed, addition of the drug specifically binding the 
complementary PBP resulted in cell lysis comparable to 
that seen when the two antibiotics were combined. An- 
other example of bactericidal synergism based on coop- 
erative effects of P-lactams binding preferentially to dif- 
ferent PBP targets was provided by the work of 
Tuomanen et al. (542). In that study, fine balance be- 
tween inhibition of PBP-3 (by aztreonam) and of PBP- 
la (by the cephem cefsulodin) produced a bactericidal 
effect against E. coli without cell lysis, whereas the in- 
dividual agents caused filamentation without cell death 
or death with cell lysis, respectively (542). 

Studies by Sanders et al. (480) have revealed another 
possible mechanism by which amdinocillin may poten- 
tiate the activities of other p-lactams. Exposure of Gram- 
negative bacilli to amdinocillin caused leakage of P-lac- 
tamase into the culture medium. It can be postulated that 
defects in the cell envelope leading to leakage may also 
facilitate penetration of other p-lactams or may render 
the cell more vulnerable to p-lactams by virtue of dimin- 
ished inactivating enzyme in the periplasmic space. 

Study of synergy with amdinocillin plus other P-lac- 
tams has suggested the potential importance of the min- 
imal concentration of antimicrobial necessary to produce 
either a change in bacterial morphology detectable by 
light or electron microscopy or a 10-fold reduction in 
growth (319). This concentration, which is less than the 
MIC, has been termed the minimal antibacterial or min- 
imal active concentration (319), although it was initially 
described as the lowest concentration to produce a 
change in morphology (315). A synergistic effect against 
P. mirabilis and E. coli has been demonstrated by the 
killing-curve technique with combinations of amdinocil- 
lin and ampicillin at concentrations 10"^ and 10"^ of 
their respective MICs (315). The minimal concentrations 
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necessary to produce this synergistic effect corresponded 
to the minimal antibacterial concentrations of each drug 
alone (Fig. 9.20). 

Other P-Lactam Combinations. Several authors 
have reported synergism between different 3-lactams 
against various organisms. These include imipenem or 
meropenem with other P-lactams against methicillin-re- 
sistant S, aureus (346, 406, 524) and imipenem plus am- 
picillin (55) or amoxicillin plus cefotaxime (333) against 
enterococci, A special case of double p-lactam interac- 
tion arises with the use of cefotaxime. The desacetyl me- 
tabolite of this drug is biologically active and its com- 
bination with the parent compound sometimes results in 
apparently synergistic interactions against staphylococci 
(77), anaerobes (77, 341 , 370), and Gram-negative bacilli 
(341,370). 



Vancomycin in Combination with Penicillins or 
Cephalosporins. Synergistic results have been ob- 
served with high concentrations of vancomycin plus p. 
lactams (by the checkerboard technique) against three 
Gram-negative organisms. Vancomycin/carbenicillin 
synergism was observed with 19 of 25 P. aeruginosa 
strains, 12 of 25 K, pneumoniae strains, and 19 of 25 5. 
marcescens strains; vancomycin/cephalothin synergism 
was noted with 12 of 25 P. aeruginosa strains, 19 of 25 
K. pneumoniae strains, and 15 of 25 S. marcescens 
strains (127). Against S. aMre«5 synergistic interactions 
have been recorded for combinations of vancomycin with 
cefjpirome (491) and for vancomycin or teicoplanin com- 
bined with imipenem (32). 

Combinations of glycopeptides with p-lactams can 
result in bacteriostatic synergism against vancomycin-re- 
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sistant enierococci (45, 296). Such interactions do not 
occur predictably nor are they necessarily seen at clini- 
cally achievable drug concentrations (84). It has been 
hypothesized that the novel peptidoglycan synthesized 
following induction of the vancomycin resistance system 
cannot be adequately processed by enterococcal PBPs 
with low affinity for penicillin, rendering the cells hy- 
persusceptible to the p-lactam (5). In animal models of 
infection with vancomycin- and penicillin-resistant En- 
terococcus faecium, combinations of vancomycin or tei- 
coplanin with penicillin or ceftriaxone have demon- 
strated synergistic inhibitory activity, which in turn 
results in synergistic bactericidal activity when genta- 
micin is added (79-81). 

Resistance to Synergism by Combinations of 
Agents That Act on the Bacterial Cell Wall 

Resistance to Synergism by p-Chloro-D-alanine 
plus Penicillin. There has been only limited in vitro 
smdy of penicillin plus p-chloro-D-alanine synergism, 
and resistant strains have not been described (504). 

Resistance to Phosphonic Acid Derivative plus p- 
Lactam Synergism. The presently available studies 
suggest that Gram-negative bacilli susceptible to phos- 
phonic acid compounds alone are less susceptible to 
phosphonic acid derivative/p-lactam synergism (397). 
Our studies with the fosfomycin/daptomycin combina- 
tion against enterococci revealed bactericidal synergism 
only when the daptomycin concentration employed 
yielded a relatively weak bactericidal effect as a single 
agent (453). 

Resistance to Amdinocillin plus p-Lactam Syner- 
gism. Data from a number of laboratories suggest that 
strains that are resistant to amdinocillin in vitro are usu- 
ally also resistant to amdinocillin/p-lactam synergism. 
Mechanisms of such resistance may include alterations 
in PBP-2 targets (e.g., enzymes with reduced affinity for 
the drug), alterations at the level of the outer membrane 
of Gram-negative bacilli resulting in diminished penetra- 
tion of drug, or elaboration of p-lactamases capable of 
hydrolyzing the drug. In the laboratory, exposure of bac- 
teria to amdinocillin in culture medium or urine can also 
permit the selection of phenotypically resistant variants 
that revert to normal morphology, antibiotic susceptibil- 
ity, and generation time when returned to amdinocillin- 
free medium (9). Three morphologic types of phenotyp- 

,:: ically resistant variants have been described (348). 

Resistance to Synergism by Vancomycin in Com- 

:;: ;bination with Penicillins or Cephalosporins. The 
mechanism by which some strains of Pseudomonas^ 
Klebsiella, and Serratia are resistant to vancomycin/p- 

' lactam synergism in vitro is not known. However, iso- 
lates that satisfy the criteria for synergism by the check- 
! erboard technique (reduction of the MIC to less than one 
i^^jfourth of its original value) with the addition of a second 
^^l^g tend to have higher vancomycin MICs (>5000 (xg/ 
than do isolates that are resistant to synergism 



(MICs of 1250 to 2500 p^g/mL) (127). These data are 
compatible with an absolute requirement for high levels 
of vancomycin (perhaps to overcome a permeability bar- 
rier) in order to produce vancomycin/P-lactam syner- 
gism. It is thus possible that organisms with lower van- 
comycin MICs fail to fulfill the criteria for synergism 
because one fourth their vancomycin MIC is a concen- 
tration at which only small amounts of vancomycin pen- 
etrate the cell wall. 

In animal experiments with vancomycin-resistant en- 
terococci that demonstrate susceptibility to glycopeptide/ 
p-lactam inhibitory synergism, colonies resistant to the 
synergistic interaction can be recovered among surviving 
bacteria at the completion of treatment (81). Studies of 
mutant colonies resistant to synergism sometimes dem- 
onstrate alterations in PBPs, but for other strains mech- 
anisms of resistance remain obscure (210). 

Clinical Studies of Synergism by Combinations 
of Agents That Act on the Bacterial Cell Wall 

P-Chloro-D-alanine plus Penicillin. This ap- 
proach to antimicrobial synergism has not achieved clin- 
ical application. Another analdg of alanine (cycloserine) 
has been used in the treatment of tuberculosis, but its use 
has been limited due to toxicity. Confusion, seizures, 
psychosis, peripheral neuropathy, and hepatotoxicity 
have all followed the use of this agent (518). It has not 
been used clinically in combination with penicillin. 

Amdinocillin plus P-Lactam Synergism. Several 
controlled trials of amdinocillin/p-lactam combined ther- 
apy have been reported. An early study suggested that a 
combination of pivmecillinam (the pivaloyloxymethyl 
ester of amdinocillin) plus amoxicillin was superior to 
amoxicillin alone when given three times daily for 10 
days to patients with purulent exacerbations of chronic 
bronchitis (436). The authors suggested that the mecha- 
nism of the more rapid general improvement and more 
rapid conversion of purulent mucoid sputum might be 
antimicrobial synergism against//, influenzae (208, 588), 
which is normally resistant to amdinocillin alone. File 
and Tan (167) snidied amdinocillin plus cefoxitin versus 
cefoxitin alone in the treatment of mixed soft-tissue in- 
fections, including diabetic foot infections. Although a 
higher percentage of patients responded satisfactorily to 
combined therapy (90 versus 71%), the number of pa- 
tients studied was too small for the differences to reach 
statistical significance (167). Sattler et al. (482) com- 
pared amdinocillin plus p-lactam therapy with amdino- 
cillin plus aminoglycoside treatment for serious Gram- 
negative infections. The therapeutic responses were 
similar in the two groups (482). Amdinocillin plus ce- 
foxitin combinations have also been used successfully in 
the treatment of urinary tract infections due to multiply 
resistant S. marcescens (559). 

Although amdinocillin was approved for clinical use 
in the United States, its application was limited by the 
relatively narrow spectrum of the drug itself, by the in- 
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J ability to predict definitively, without actual testing in 
vitro, whether synergism would occur against a given 
isolate, and by the availability of highly effective alter- 
native agents (139). 

Vancomycin Combined with Penicillins or Ceph- 
alosporins. The levels of vancomycin required to pro- 
duce synergism with P-lactams against Gram-negative 
bacilli in vitro (78 to 25(X) M-g/mL) (127) are equal to or 
greater than those that have been related to serious oto- 
toxicity (80 to 100 fJig/mL) (180). Therefore, clinical tri- 
als of this combination against Gram-negative organisms 
will undoubtedly not take place. Synergism between van- 
comycin and p-lactams against vancomycin-resistant en- 
terococci can occur at clinically attainable concentrations 
of both drugs. However, the survival of mutant clones 
resistant to synergism after treatment in animal models 
(81) sheds doubt on the applicability of such regimens. 
Human studies with such regimens have not been 
reported. 

Predicting Resistance to Therapy 

Predicting resistance to synergism in vitro with com- 
binations of ceU wall-active agents is not an issue for p- 
chloro-D-alanine plus penicillin or for vancomycin plus 
p-lactam combinations against Gram-negative organ- 
isms, because neither of these is likely to be useful clin- 
ically, for the reasons outlined above. For the amdino- 
cillin plus p-lactam combination, it should be possible 
to predict which organisms will likely fail to respond 
synergistically by their MICs for amdinocillin alone, be- 
cause MICs of greater than 6.3 jjig/mL have been asso- 



ciated with resistance to amdinocillin plus p-lactam syn- 
ergism in vitro (see above). Among isolates fully 
susceptible to the drug, the added value of synergism 
attained by combination with another P-lactam is ques- 
tionable. Synergism between glycopeptides and P-lac- 
tams against vancomycin-resistant enterococci is not pre- 
dictable from susceptibility levels for the individual 
agents. Some methods of detecting synergistic interac- 
tions are quite simple (296), but these have not been stan- 
dardized for clinical use. 

Use of Agents Active on the Celt Wall to 
Enhance the Uptake of Aminoglycosides 

Although resistance to antimicrobials may be the re- 
sult of drug-inactivating enzymes (41, 1 15) or an insen- 
sitive target site (e.g., a ribosome resistant to aminogly- 
cosides) (608, 609), it may also be due to a permeability 
barrier. In such situations, a given drug could be active 
if another agent altered the permeability of the bacterial 
cell in order to permit its entry. It has been postulated 
that agents that act on the cell wall may enhance the entry 
of aminoglycosides in this manner in a number of bac- 
terial species. Amphotericin B similarly facilitates the 
entry of 5-fluorocytosine and other agents into fungi 
(353). In this section, we consider combinations of agents 
active on the cell wall with aminoglycosides. 

Mechanism 

Work on enterococci (E.faecalis) has shown that the 
uptake of *^C-labeled streptomycin is significantly in- 
creased in the presence of penicillin (Fig. 9.21) (365). 



Figure 9.21. Effect of penicillin 
(PCAO on the uptake of [^'*C]strep- 
tomycin (SM) by Enterococcus 
faecalis. (Reproduced with permis- 
sion from Reference 365.) 
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Figure 9.22. Effect of cycloserine, 
bacitracin, vancomycin, or methicil- 
lin plus streptomycin (SM) against 
E. faecaUs. (RC Moellering Jr, un- 
published obsen/ations.) 
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Furthermore, this effect is not specific for penicillin and 
is also seen with other agents acting on the cell wall 
(cycloserine, bacitracin, and vancomycin), all of which 
presumably act similarly to permit increased entry of 
aminoglycosides (365). To the extent that the aminogly- 
coside is active intracellularly— that is, unless the drug 
is rendered ineffective by aminoglycoside-modifying en- 
zymes or unless the organism is resistant at the ribosomal 
level (139) — such combinations usually exert a syner- 
gistic effect. Enhancement of intracellular uptake of ami- 
noglycosides in the presence of cell wall-active agents, 
with resulting bactericidal synergism, has also been 
documented in viridans streptococci (596) and 5- 
aureus (604). As early as 1962, Plotz and Davis (438) 
demonstrated enhanced bactericidal activity against 
Gram-negative bacilli, with augmented uptake of 
[*'*C]streptomycin, in the presence of penicillin. Similar 
mechanisms have more recently been demonstrated to be 
operative in P. aeruginosa (357). Mechanisms of inter- 
action are potentially more complicated in Gram-nega- 
tive organisms, however. For example, in Gram-negative 
bacilli, exposure to aminoglycosides may produce 
relative permeabilization of the outer cell envelope to 
some p-lactam antibiotics (217, 218). 

In both E,faecalis and E, coli, sequential exposure to 
. ampicillin followed by an aminoglycoside (amikacin) re- 
■^sults in a greater bactericidal effect than when the drugs 



are applied in the reverse order (317), providing support 
for the primary effect of the cell wall-active agent in the 
initiation of bactericidal synergism when the agents are 
administered simultaneously. 

Laboratory Studies Using Agents Active on the 
Cell Wall to Enhance the Uptake of 
Aminoglycosides 

Because many different inhibitors of cell wall syn- 
thesis have been combined with aminoglycosides against 
a variety of bacteria, the discussion of laboratory studies 
has been organized by the bacteria that were being tested. 

Enterococci. The original observation of penicillin/ 
aminoglycoside synergism was probably made in 1947 
(239). Subsequently, many other investigators have dem- 
onstrated a synergistic effect of penicillin plus various 
aminoglycosides against enterococci (75, 242, 246, 284, 
366,368,369). 

The cell wall-active agents that enhance the uptake of 
'"^C-labeled streptomycin by enterococci (e.g., penicillin, 
cycloserine, bacitracin, vancomycin, and ethylenedi- 
aminetetraacetic acid) (365) also produce synergism 
against enterococci when combined with streptomycin 
(Fig. 9.22) (367). TTius, the present model of penicillin/ 
aminoglycoside synergism in enterococci assumes that 
the role of agents active on the cell wall is to facilitate 
the entry of the aminoglycoside (Fig. 9.23). A number of 
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Figure 9.23. Mechanisms of pen- 
icillin plus aminoglycoside syner- 
gism against enterococci. Based 
on studies of the uptake of 
[^'•Cjstreptomycln (Sm) (see Fig. 
9.21), aminoglycosides appear to 
be unable to enter the enterococcal 
cell or to reach its ribosomes in the 
absence of penicillin (Pen) (or other 
agents that act on the bacterial cell 
wail). 
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penicillins, including ampicillin, carbenicillin» and pen- 
icillin G. have been shown to produce synergism with 
aminoglycosides against enterococci (242, 310). Among 
the semisynthetic p-lactamase-resistant penicillins, the 
available data suggest that the ability to produce synergy 
in vitro (in broth) with aminoglycosides correlates with 
the effectiveness (as judged by the MIC) of the semisyn- 
thetic penicillin alone against enterococci. Thus, nafcillin 
is most effective, and oxacillin is more effective than 
methicillin (190, 563). In addition to these killing-curve 
studies, oxacillin/gentamicin synergism against entero- 
cocci has been shown by the checkerboard technique 
(338). (The latter technique, however, is not currently 
recommended for documentation of bactericidal syner- 
gism against enterococci [462].) 

A number of aminoglycosides have been demon- 
strated to produce synergism in combination with peni- 
cillins against enterococci. These include streptomycin, 
kanamycin, gentamicin, tobramycin, netilmicin, sisomi- 
cin, and amikacin (75, 242, 284, 366, 368, 369). 

Other Streptococci. Combinations of penicillin and 
streptomycin have been shown to be synergistic against 
most strains of viridans streptococci in vitro by the kill- 
ing-curve technique (240, 590) and by the checkerboard 
method (132). Group B streptococci are likewise killed 
more rapidly in vitro by penicillin (or ampicillin) plus 
gentamicin than by either drug alone (23, 130, 483). 

Staphylococci. Enhanced activity was demon- 
strated by the time-kill method when nafcillin or oxacil- 
lin was combined with gentamicin, tobramycin, netil- 
micin, or sisomicin against clinical isolates of 
methicillin-susceptible 5. aureus (469, 562, 564). In one 
study, the enhanced activity against 5. aureus observed 
with the addition of a p-lactam to an aminoglycoside 
fulfilled the criteria for synergism (by the killing-curve 
technique) most frequently for nafcillin/tobramycin 
(29%) and slightly less frequently for other combina- 
tions, including oxacillin/sisomicin (23%), nafcillin/gen- 
tamicin (20%), nafcillin/netilmicin (20%), oxacillin/ne- 



tilmicin (20%), and nafcillin/sisomicin (1 1%) (562, 564). 
A synergistic effect by the killing-curve method has been 
reported for eight of eight penicillinase-producing 5. au- 
reus strains with nafcillin (5 »xg/mL) plus gentamicin (2 
or 0.5 |JLg/mL) (469). Using the checkerboard technique 
and a reduction of the FIC index to <0.5, synergism has 
likewise been demonstrated with penicillin plus genta- 
micin against five of six penicillin-susceptible S, aureus 
strains (515). A synergistic effect against methicillin-re- 
sistant 5. aureus (determined by the killing-curve tech- 
nique) has been demonstrated for combinations of ceph- 
alothin (10 fxg/mL) plus kanamycin (20 |xg/mL) (62) and 
for high concentrations (50 |JLg/mL) of either oxacillin or 
cephalothin plus gentamicin (5 (xg/mL) (268). 

It is worth noting, however, that beneficial interac- 
tions between p-lactams and aminoglycosides against S. 
aureus may also be attributable to other mechanisms. 
Specifically, such combinations may suppress the late re- 
growth of colonies seen by time-kill studies when ami- 
noglycosides are tested as single agents (139), which has 
been associated with decreased susceptibility to bacteri- 
cidal effects of the aminoglycoside among surviving col- 
onies (306). 

Other Gram-Positive Organisms. Bactericidal 
synergism between p-lactam antibiotics and aminogly- 
cosides against L. monocytogenes has been recognized 
for years (363). Such interactions can be demonstrated 
by time-kill methods using subinhibitory concentrations 
of aminoglycosides and inhibitory concentrations of the 
P-lactams, which are typically baicteriostatic against Lis- 
teria (144, 326). 

Combinations of p-lactams with aminoglycosides 
have also produced bactericidal synergism against some 
strains of pathogenic Corynebacteria spp. (363). Syner- 
gism generally cannot be demonstrated against strains of 
JK corynebacteria that are resistant to aminoglycosides 
(MIC of more than 128 p-g/niL), but resistance to peni- 
cillin only may not always preclude synergism (363). 
Against this group of organisms, bactericidal synergism 
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can also be shown between aminoglycosides and the cell 
wall-active drugs vancomycin and daptomycin (505). 

Pseudomonas. Pseudomonads can pose a major 
clinical problem because of their ability to cause life- 
threatening infection in immunocompromised hosts and 
other seriously ill patients (48), and because they are fre- 
quently resistant to multiple drugs (3). Thus, when gen- 
tamicin and carbenicillin became available, a number of 
investigators examined the activity of this combination 
against clinicaTisolates of Pseudomonas in vitro. Follow- 
ing the initial description of gentamicin/carbenicillin 
synergism in 1967 (59), several laboratories reported a 
synergistic effect of this combination against P. aerugi- 
nosa by checkerboard or agar diffusion techniques (135, 
276, 374, 500. 503, 512, 599). Killing-curve studies have 
also shown synergism of this combination against a num- 
ber of P. aeruginosa strains (503, 512). This combination 
is also synergistic against many clinical isolates of A. 
calcoaceticus var. anitratus (188, 376, 377). 

Subsequently, ticarcillin, piperacillin, azlocillin, az- 
treonam, and mezlocillin have been found to enhance the 
activity of gentamicin and other aminoglycosides against 
P. aeruginosa (10, 101. 139, 557). As judged by their 
MICs, ticarcillin is approximately twice as active as car- 
benicillin against P. aeruginosa, mezlocillin is approxi- 
mately as active as ticarcillin (136, 414, 557). and piper- 
acillin and azlocillin are two to four times as active as 
mezlocillin (145. 527). Similarly, aminoglycosides other 
than gentamicin, including tobramycin, amikacin, and si- 
somicin. produce synergism with these p-lactams by the 
checkerboard technique (101. 272, 275. 278. 340). Rand 
et al. (445) have called attention to the lack of reproduc- 
ibility of the microdilution checkerboard method for de- 
termining p-lactam/aminoglycoside interactions against 
P. aeruginosa and recommend establishing consistency 
of test results in replicate determinations if that method 
is used. Furthennore, results derived from checkerboard 
methods of determining synergism between antipseudo- 
monal )3-lactams and aminoglycosides against Pseudo- 
monas aeruginosa may not correlate with those based on 
time-kill curve techniques (77a). 

Klebsiella. Klebsiella strains are usually susceptible 
to the cephalosporins but resistant to ampicillin and car- 
benicillin (501). Utilizing the checkerboard technique, 
one study found that synergism was produced by ceph- 
alothin plus gentamicin against 73% of 61 strains of 
Klebsiella but by ampicillin and gentamicin against only 
21% of 61 strains (270). The combination of cefazolin 
plus amikacin was found to be synergistic, by both kill- 
ing-curve and checkerboard techniques, against 1 1 of 20 
Klebsiella strains studied (274). Another study utilizing 
the checkerboard technique demonstrated synergism 
with cephalothin plus gentamicin, kanamycin, or ami- 
kacin against most (69 to 95%) of the 38 Klebsiella iso- 
lates tested (112). Among studies with newer agents ac- 
tive against Klebsiella spp., amikacin plus imipenem 
(196). ceftazidime (196), or cefotaxime (191) resulted in 
synergism against 5 to 83% of strains tested. This wide 



range in outcome undoubtedly reflects differences in 
strain collections and/or methods used (checkerboard 
versus time-kill). 

Other Enterobacteriaceae. Numerous studies have 
documented the synergistic potential of older p -lactams 
(e.g.. ampicillin. carbenicillin, cephalothin, etc.) plus 
aminoglycosides against many strains of E. colt (169. 
270), Proteus spp. (136, 169. 270, 272, 501), and En- 
terobacter spp. (168. 270). For example, by time-kill 
methods, 46 to 48% of Enterobacter were susceptible to 
ampicillin/gentamicin or cephalothin/gentamicin syner- 
gism (270). Several more-recent studies utilizing simi- 
lar techniques have noted synergism between several 
extended-spectrum acylaminopenicillins or third- 
generation cephalosporins and aminoglycosides (often 
amikacin or gentamicin) against 52 to 90% of 
Enterobacteriaceae tested (139). A slightly lower fre- 
quency of synergistic interactions (16 to 70%) was re- 
ported by studies employing checkerboard (MIC) 
techniques. 

Mechanism of Resistance 

Enterococci. Following the original descriptions of 
penicillin/streptomycin synergism, it gradually became 
apparent that not all enterococci were synergistically 
killed by this combination. The explanation for this dis- 
crepant behavior among clinical isolates of enterococci 
(536) was not clear imtil 1970. when two groups of in- 
vestigators pointed out that isolates with high-level strep- 
tomycin resistance (MIC of more than 2000 M-g/mL) were 
resistant to penicillin/streptomycin synergism and that 
strains without high-level streptomycin resistance (MIC 
of ^2000 (xg/mL) were susceptible to penicillin/strep- 
tomycin synergism (366. 512). Although the correlation 
between high-level streptomycin resistance and resist- 
ance to synergism seemed clear, the mechanism of this 
resistance was imknown. 

Subsequent work showed that penicillin enhances the 
uptake of radiolabeled [^'^CJstreptomycin in strains with 
or without high-level streptomycin resistance (365). 
Therefore, it seemed unlikely that the resistance to syn- 
ergism observed in strains with high-level streptomycin 
resistance was due to a permeability barrier. It was later 
demonstrated that an enterococcal strain that was highly 
resistant to streptomycin and resistant to penicillin/strep- 
tomycin synergism contained ribosomes that were insen- 
sitive to the in vitro effects of streptomycin on protein 
synthesis (i.e., streptomycin failed to inhibit the incor- 
poration of radiolabeled phenylalanine into trichloroace- 
tic acid-precipitable material and also failed to cause mis- 
reading) (608, 609). Thus, it seemed reasonable to 
postulate that the resistance to penicillin/aminoglycoside 
synergism observed in clinical isolates of enterococci 
might be due to the same mechanism. This hypothesis 
was consistent with the observation that all clinical en- 
terococcal isolates examined at that time were suscepti- 
ble to high levels of gentamicin (200 M-g/mL) and to pen- 
icillin/gentamicin synergism (368). 
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However, the strain used in these ribosome studies 
was a laboratory mutant derived from a clinical isolate 
that had been susceptible to penicillin/streptomycin syn- 
ergism and to high levels of streptomycin (MIC of 400 
(xg/mL) (609). Continued study of enterococci (E. fae- 
calis) showed that 40 to 50% of clinical isolates in 
Boston had high-level resistance to both streptomycin 
and kanamycin and were likewise resistant to both pen- 
icillin/streptomycin and penicillin/kanamycin synergism 
(75). None of 203 isolates examined was found to harbor 
high-level resistance (MIC of more than 2000 fjLg/mL) to 
gentamicin, sisomicin, or tobramycin, and all 10 strains 
tested by the killing-curve technique were synergistically 
killed by penicillin plus gentamicin, sisomicin, or tobra- 
mycin (75). The findings with amikacin were at variance 
with those obtained with other aminoglycosides; al- 
though only one of 10 strains tested for synergism had 
high-level amikacin resistance (amikacin MIC of more 
than 2000 jjig/mL), six of those 10 strains were resistant 
to synergistic killing by the penicillin/amikacin combi- 
nation (the same six strains also exhibited high-level 
resistance to kanamycin [MIC of more than 2000 p.g/ 
mL]). Resistance to penicillin/amikacin synergism in 
enterococci was simultaneously reported by another 
group (36). 

Additional study of clinical isolates with high-level 
streptomycin and kanamycin resistance revealed an ex- 
planation for these findings. The strains with high-level 
streptomycin and kanamycin resistance contained a 45- 
MDa plasmid that was transferable by conjugation and 
produced high-level resistance to both streptomycin and 
kanamycin and resistance to penicillin/streptomycin 
and penicillin/kanamycin synergism in a recipient strain 
that was previously susceptible (286). (The plasmid was 
identified by cesium chloride/ethidium bromide ultracen- 
trifugation, by agarose gel electrophoresis, and by elec- 
tron microscopy.) Curing with novobiocin produced 
simultaneous loss of the plasmid, of high-level 
aminoglycoside resistance, and of resistance to penicil- 
lin/aminoglycoside synergism (286). Thus, it seemed 
clear that — at least in some clinical isolates of entero- 
cocci — a conjugative plasmid was responsible for the 
observed resistance to penicUlin/aminoglycoside 
synergism. 

The mechanism of this plasmid-mediated resistance 
is not an altered ribosome. In vitro studies revealed no 
difference in the aminoglycoside susceptibility of ribo- 
somes from the susceptible recipient strain and the resis- 
tant donor strain (a clinical isolate with high-level re- 
sistance) when studied with varying concentrations of 
streptomcyin, kanamycin, and amikacin (0.1 to 100 ^,g/ 
mL) (285). Subsequently, aminoglycoside-inactivating 
enzymes, which explain the observed resistance to syn- 
ergism, were found. A phosphotransferase in resistant 
strains inactivates kanamcyin and amikacin by phos- 
phorylating the 3'-hydroxyl group, and an adenylyltrans- 
ferase inactivates streptomycin (285). The absence of a 



3' -hydroxy 1 group in gentamicin, tobramycin, netilmicin, 
and sisomicin protects them from phosphorylation by 
this enzyme. The adenylyltransferase that inactivates 
streptomycin has no activity against 2-deoxystreptamine- 
containing aminoglycosides, such as kanamycin, 
amikacin, gentamicin, tobramycin, netilmicin, and 
sisomicin. 

Studies of the relative activities of these modifying 
enzymes with various aminoglycoside substrates also ex- 
plain the apparent discrepancy between the infrequent 
occurrence of high-level amikacin resistance and the fre- 
quency of resistance to penicillin/amikacin synergism. 
Amikacin has a 3'-hydroxyl group that is phosphorylated 
by the E. faecalis phosphotransferase. However, this en- 
zyme is less active against amikacin than kanamycin 
(285). This finding presumably explains why MICs of 
amikacin were generally lower than those observed with 
kanamycin (36, 75). Nevertheless, the activity of this en- 
zyme is sufficient to confer resistance to penicillin/ami- 
kacin (as well as penicillin/kanamycin) synergism in 
strains with high-level kanamycin resistance. 

Among strains of E. faecalis producing the 3 '-phos- 
photransferase enzyme, combinations of penicillin or 
ampicillin with amikacin frequently are less bactericidal 
(slight to moderate degrees of antagonism by time-kill 
curves) than the p-lactam alone (528). Although a com- 
plete explanation of this phenomenon has not yet been 
elucidated, the answer in part appears related to the 
fact that against such isolates even concentrations of 
amikacin well above the MIC exert primarily a bac- 
teriostatic effect, thus antagonizing the lethal effect 
of penicillin, which is greatest among growing cells 
(528), 

The presence of a 3 '-phosphotransferase in strains of 
enterococci with high-level resistance to streptomycin 
and kanamycin has also been reported in the absence of 
streptomycin-modifying enzymes (499). A minority of 
strains with high-level resistance to streptomycin do not 
have enzymes that inactivate streptomycin (by acetyla- 
tion, phosphorylation, or adenylylation). The mechanism 
of their resistance has been elucidated and involves an 
altered ribosome (142), as noted in the laboratory mutant 
of E, faecalis studied earlier (609). 

E. faecium strains are usually resistant to penicillin/ 
tobramycin synergism (369), even though most E. fae- 
calis strains that have been examined are susceptible to 
penicillin/tobramycin. Elaboration of low levels of a 6'- 
acetyltransferase enzyme (which inactivates tobramycin 
as well as sisomicin and netilmicin) by E. faecium ex- 
plains resistance to penicillin/tobramycin synergism 
(105, 578). In contrast to the other aminoglycoside- 
inactivating enzymes described in enterococci, this activ- 
ity is not transferable by conjugation and thus appears to 
be chromosomal (578). As noted above for £. faecalis, 
plasmid-mediated resistance to streptomycin and kana- 
mycin has also been described in E. faecium (295). A 
more recently described 4',4''-nucleotidyltransferasecon- 
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fers high-level resistance to kanamycin and tobramycin, 
with resistance to synergism by amikacin combinations 
. as well (78). 

High-level resistance to gentamicin was unknown 
among enterococci prior to 1979, when it was first de- 
scribed in E.faecalis isolated in France (235). High-level 
' resistance to gentamicin, with failure of penicilUn/gen- 
r tamicin synergism, can be attributed principally to the 
2- elaboration of a bifiinctional enzyme with 6'-acetyltrans- 
% ferase and a^-phosphotransferase activity to which the 
; aminoglycoside is susceptible. Such isolates typically 
I produce multiple aminoglycoside-modifying enzymes 
{J with adenylylating, acetylating, and phosphorylating ac- 
V tivities (102). These enzymes are plasmid- or transposon- 
S mediated and transmissible by conjugation to recipient 
i strains in vitro (107, 230, 352). A single isolate of E. 
^5 faecalis was described that resisted penicillin/gentamicin 
J but not penicillin/tobramycin synergism (364). The 
$; mechanism involved in resistance to synergism appeared 
i to be a specific defect in the transport of gentamicin (but 
not tobramycin). High-level gentamicin-resistant E.fae- 
W^:-calis strains have now been isolated from centers around 
^ the world, and they comprise a significant fraction of 
J:- clinical enterococcal isolates at some institutions (231), 
iCharacterization of the first reported clinical isolates of 
■fe high-level gentamicin-resistant E. faecium has revealed 
f enzymatically mediated resistance mechanisms com- 
§ pletely analogous to those described among £. faecalis 
|> (146). A few enterococcal isolates that have moderate 
W' levels of gentamicin resistance (MICs of 256 to 1000 M-g/ 
mL) and are resistant to penicillin/gentamicin synergism 
% have been encountered (27). These strains produce bi- 
i?:, functional enzyme but at levels that may be insufficient 
to yield MICs of more than 2000 pig/mL, at least in some 
media. 

: ^J 'r Resistance to the p-lactam component of 3-lactam/ 
aniinoglycoside combinations has also been studied. Al- 
i jjfr though combinations of cephalosporins and aminogly- 
^Ipvcosides are synergistic against enterococci in vitro (148, 
,^^^165, 570, 572), experience with clinical use of cephalo- 
sporin/aminoglycoside combinations has generally been 
l^:;unsatisfactory (443). It has been suggested that the high 
Ifc^MICs of cephalothin (16 to 32 |xg/mL) and other ceph- 
^i^l^'alosporins against most enterococci may be a major fac- 
tor in their lack of efficacy, because p-lactams typically 
gS|;do not produce synergism with aminoglycosides against 
Q||v?enterococci unless they are present in concentrations near 
f^^or greater than their MICs (538, 572). 

fe i Other studies have suggested that combinations of 
^^semisynthetic penicillinase-resistant penicillins (nafcil- 
r^^lin. oxacillin, or methicillin) plus gentamicin are signif- 
l^^ijicantly less effective in vivo than penicillin/gentamicin, 
^^^idthough their activities are similar to that of penicillin/ 
|ientamicin in vitro (311). The reason for this discrepancy 
|b almost certainly related to the high levels of protein 
finding (80 to 92%) of nafcillin and oxacillin, because 
P|jiese drugs are much less effective (even with gentami- 



cin) against enterococci when serum is added to the cul- 
ture media in vitro (187). 

In 1983, Murray and Mederski-Samoraj (374) de- 
scribed p-lactamase production in a clinical isolate of £. 
faecalis. Genetic determinants mediating production of 
this enzyme, which appears related to staphylococcal 
penicillinase by DNA hybridization techniques (375), 
were found to be transferable to recipient enterococcal 
strains by conjugation in vitro (374). Since that time, 
additional' p-lactamase-producing isolates have been re- 
covered in Philadelphia, New Haven (CT), Boston, and 
elsewhere (372, 378, 421, 452). Such isolates demon- 
strate a marked resistance to penicillin or ampiciilin at 
high inocula. All but one of the isolates described to date 
have also been highly resistant to gentamicin. Elabora- 
tion of p-lactamase has been described in an E. faecium 
isolate (106). Resistance to penicillins (and other p-lac- 
tams) which is characteristic of the majority of clinical 
isolates of this species is usually due, however, to the 
presence of a low-affinity PBP (PBP-5) (582). 

There is evidence of increasing resistance to p-lac- 
tams among E, faecium since the late 1980s. The con- 
centration of penicillin required to inhibit 90% of isolates 
from one Boston hospital rose from 64 jxg/mL in the 20- 
year period up to 1988 to 512 |xg/mL for strains collected 
in 1989 and 1990 (200). Strains with very high levels of 
resistance to penicillin may fail to exhibit bactericidal 
synergism between penicillin and an aminoglycoside at 
clinically achievable concentrations of each (538). 

Recently, strains of both E. faecium (297, 398, 581) 
and E, faecalis (493) (as well as a few isolates of other 
species) with resistance to vancomycin have been recov- 
ered from clinical specimens in Europe and the United 
States (256. 468). Resistance is frequenUy inducible upon 
incubation with vancomycin; induction of resistance is 
associated with the appearance of a new cell-membrane 
protein (approximately 39 to 39.5 kDa). At least in some 
isolates, this resistance trait is plasmid-mediated (297) 
and transferable to recipient strains by conjugation (297, 
493). 

Multiple genes involved in resistance to vancomycin 
have been localized to a large transposon (17). The net 
effect of activation of these genes is production of altered 
peptidoglycan precursors terminating in D-alanine-D- 
lactate (in E. faecalis and E. faecium), to which vanco- 
mycin binds with much less affinity than it does to its 
normal target, D-alanine-D-alanine. 

The present model of resistance to synergism in en- 
terococci (Fig, 9.24) relies primarily on the association 
between high-level resistance to an aminoglycoside and 
resistance to synergism with penicillin plus that amino- 
glycoside. The mechanism of high-level aminoglycoside 
resistance in clinical isolates of E.faecalis studied to date 
is usually synthesis of aminoglycoside-inactivating en- 
zymes, but ribosomal resistance and other mechanisms 
play a role in some E. faecalis strains, especially those 
with high-level resistance to streptomycin alone. Mech- 
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Figure 9.24. Mechanisms of resistance to penicillin plus 
aminoglycoside synergism against enterococci. Of these 
resistance mechanisms, the most prevalent is enzymatic 
inactivation. Ribosomal resistance to streptomycin also oc- 
curs. Enzymatic resistance is also plasmid-mediated, 
although the 6'-acetyltransferase in E, faecium is chro- 
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mosomal. ANT, adenylyltransferase; APH(3'), 3'-phospho- 
transferase; APH(2''l a^-phosphotransferase; AAC(6% 
6'-acetyltransferase. Not shown is the 4',4''-nucleotidyl- 
transferase that confers resistance to synergism with kana- 
mycin, tobramycin, and amikacin (78). 



anisms of resistance to synergism in vivo (to combinations 
that are synergistic in vitro) are probably multiple. At 
present, the most important factors appear to be protein 
binding and the relationship of the MIC of the P-lactam 
or glycopeptide to achievable serum and tissue levels in 
vivo. However, the recent demonstration of transferable 
P-lactamase raises the ominous possibility that this trait 
could spread widely among the enterococci and obviate 
the utility of penicillin/aminoglycoside synergism. 

Viridans Streptococci. Although these organisms 
are typically susceptible to penicillin/streptomycin syn- 
ergism (132, 590), recent studies have revealed both 
high-level streptomycin resistance (154) and penicillin 
resistance (126a, 155) among clinical isolates. Both ri- 
bosomal (154) and enzyme-mediated (156) resistance 
mechanisms have been described that produce resistance 
to penicillin/streptomycin synergism. The penicillin re- 
sistance observed is associated with alterations in PBPs 
(155), similar to the alterations observed in the penicillin- 
resistant pneumococci initially isolated from the same 
areas of South Africa (213, 606). High-level gentamicin 
resistance has now also been detected in viridans group 
streptococci (260). 

Other Genera. Resistance to penicillin/aminogly- 
coside synergism in other bacteria is presumably due to 
similar mechanisms, although studies to clarify the rel- 
ative importance of aminoglycoside-resistant ribosomes. 



aminoglycoside-inactivating enzymes, permeability bar- 
riers, altered PBPs, and P-Iactamases have rarely been 
perfoimed. The limited data that are available suggest 
that, as the MIC of one of the drugs rises, the combina- 
tion tends to become less effective. For example, with 
increasing resistance (MIC) to gentamicin, fewer strains 
of Enterobacteriaceae are susceptible to ampicillin/gen- 
tamicin and cephalothin/gentamicin synergism by the 
checkerboard technique (270). Similarly, the addition of 
carbenicillin or ticarcillin to gentamicin is ineffective 
against P. aeruginosa highly resistant to gentamicin 
(MIC of >80 M-g/mL) (557). Likewise, a major factor in 
resistance to carbenicillin/aminoglycoside synergism in 
A. calcoaceticus is the aminoglycoside MIC; strains re- 
sistant to P-lactam/aminoglycoside synergism had MICs 
of >:3 1 M-g/mL for tobramycin (two of two strains) or 
^62.5 fxg/mL for gentamicin (two of four strains) or 
kanamycin (two of two strains) (188). The mechanism of 
aminoglycoside resistance in these strains is the produc- 
tion of aminoglycoside-modifying enzymes (376, 377). 

However, resistance to either the p-lactam or the ami- 
noglycoside component of a given regimen does not 
completely preclude the possibility of a synergistic in- 
teraction. For example, in one study imipenem/amikacin 
synergism (MIC) was observed against 45% of imipe- 
nem-resistant P. aeruginosa (70), while another snady 
noted piperacillin/amikacin synergism against 55% of 
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amikacin-susceptible and 88% of amikacin-resistant 
strains of this species (290). 

Animal and Human Studies of Penicillin/ 
Aminoglycoside Synergism 

Enterococci Use of the penicillin plus streptomycin 
combination for the treatment of enterococcal endocar- 
ditis began with the observation that this combination 
cured patients who had failed to respond to penicillin 
alone (239. 246). The effectiveness of penicillin plus 
streptomycin combinations has subsequently been doc- 
umented in the rabbit endocarditis model (82, 284). Since 
the discovery of enterococcal strains with high-level 
streptomycin and kanamycin resistance (MICs of more 
than 2000 ^g/mL) that are resistant to penicillin/strep- 
tomycin and penicillin/kanamycin synergism in vitro 
(366, 513). penicillin/gentamicin has been used widely 
for the treatment of patients with enterococcal endocar- 
ditis. Although there have been no controlled clinical tri- 
als, penicillin/gentamicin has been clearly shown to be 
effective for the treatment of enterococcal endocarditis 
due to strains with high-level streptomycin (and/or kana- 
mycin) resistance in patients (571) and in the rabbit 
model (284). In addition, using the rabbit model, peni- 
cillin/streptomycin is no more effective than penicillin 
alone (and is significantly less effective than penicillin/ 
gentamicin or penicillin/sisomicin) in the treatment of 
enterococcal endocarditis due to strains with high-level 
streptomycin resistance (82). The emergence of entero- 
cocci demonstrating high-level resistance to gentamicin 
(and other deoxystreptamine aminoglycosides) has posed 
a major therapeutic challenge. Although a minority of 
, such isolates may prove to be not highly streptomycin- 
resistant (383), thus presumably permitting penicillin/ 
streptomycin synergism, there are no known combina- 
tions of cell wall-active agents with clinically available 
that would be synergistic for the ma- 
jority of such organisms. Some patients with documented 
£ or presumed endocarditis due to highly gentamicin-resis- 
tant organisms have responded to a cell wall-active agent 
I alone or as an adjunct to surgery (166, 313, 361, 420). 
^ discussed above, there is no role for currently 
available cephalosporins or antistaphylococcal penicil- 
^^ lins, alone or in combination with any aminoglycoside, 
I ;m the treatment of serious enterococcal infections. There 
no evidence that imipenem (20) or any of the acylam- 
p feopeniciUins (145) is superior to penicillin or ampicillin 
combination regimens for the treatment of enterococ- 
^fal infections. Imipenem, vancomycin, or ampicillin plus 
|||8ulbactam may play a role in the treatment of infections 
v^lue to p-lactamase-producing strains (224), but such reg- 
^^n^ are limited by the fact that most 3-lactamase-pro- 
^flucing strains have also been highly gentamicin resistant, 
noted earlier. 

Other Streptococci. Animal sUidies have suggested 
1^ ^ P^'^cillin/aminoglycoside combinations might also 
useful in the treatment of nonenterococcal streptococ- 



cal infections. Penicillin plus streptomycin was more ef- 
fective than either drug alone against viridans group 
streptococcal endocarditis in the rabbit model (i.e.. it pro- 
duced more rapid sterilization of vegetations) (470). and 
ampicillin plus gentamicin produced increased survival, 
compared with either drug alone, in a group B strepto- 
coccal mouse peritonitis model (124). Penicillin plus 
streptomycin has also been shown to be more effective 
^ than penicillin alone in the prevention of viridans group 
streptococcal endocarditis in the rabbit model (133). In 
another animal model of endocarditis due to strains of 
Streptococcus sanguis, superiority of the penicillin/strep- 
tomycin combination to penicillin alone was demonstra- 
ble only against penicillin-tolerant or relatively resistant 
(penicillin MIC of 1 n-g/mL) strains; no advantage was 
noted against a fully penicillin-susceptible strain against 
which the single P-lactam was highly effective (584). 

In spite of these sUJdies. the role of penicillin/ami- 
noglycoside combinations in the treatment of viridans 
streptococcal endocarditis in humans remains controver- 
sial. Relapse rates of 6 to 15% were initially reported 
after 2 weeks of treatment with penicillin alone (216). 
However, it has not been convincingly demonstrated that 
penicillin/streptomcyin therapy for viridans streptococcal 
endocarditis (216, 535, 537, 590) is more effective than 
treatment for 4 weeks with penicillin alone (234. 259). 
Nonetheless, combination therapy may allow a shorter 
duration of treatment (i.e.. 2 weeks) for patients with un- 
complicated endocarditis due to fully penicillin-suscep- 
tible organisms (583). 

Staphylococci. Animal studies utilizing penicillin- 
susceptible strains have shown penicillin/gentamicin to 
be more effective than penicillin alone in the treatment 
of S. aureus peritoneal infection in mice (515) and en- 
docarditis in rabbits (471). Nafcillin/gentamicin has been 
found to be more effective than nafcillin alone in the 
treatment of endocarditis due to penicillinase-producing 
5. aureus in the rabbit model (469). Retrospective studies 
and a large, controlled, clinical trial of nafcillin/genta- 
micin versus nafcillin alone in 5. aureus endocarditis 
have failed to provide evidence for superior efficacy of 
nafcillin/gentamicin combinations in the therapy of hu- 
man S. aureus endocarditis (I, 283). but combination 
therapy may allow shorter treatment courses in injection 
drug uses with 5. aureus right-sided endocarditis (126). 

Pseudomonas. Animal studies have shown that 
combinations of carbenicillin or ticarcillin plus genta- 
micin or tobramycin are more effective than the individ- 
ual drugs alone in the treatment of Pseudomonas peri- 
tonitis in normal rats (11. 12), in the treatment of 
Pseudomonas peritonitis and bacteremia in neutropenic 
rats (489). and in the therapy of Pseudomonas peritonitis 
in mice (101). Several clinical studies on the use of anti- 
biotic combinations for the therapy of Gram-negative in- 
fections, especially in neutropenic or inununosuppressed 
patients, have demonstrated that the results of treatment 
with synergistic combinations (defined by reduction of 
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the MIC to one fourth or less of its original value for 
each of the two drugs in the combination, i.e., a FIC 
index of <0.5) are superior to those in which synergism 
did not occur (269, 273, 294). Each of these studies in- 
cluded infections due to P. aeruginosa that responded 
well to synergistic therapy, but none contained enough 
patients with Pseudomonas infections alone to determine 
whether synergistic combinations significantly increased 
the survival of patients with Pseudomonas infection. In 
the study by Anderson et al. (8), 10 of 12 patients with 
P. aeruginosa bacteremia who received synergistic an- 
timicrobial therapy responded, whereas none of six re- 
sponded to nonsynergistic regimens. However, in a ret- 
rospective analysis of more than 400 cases of P, 
aeruginosa bacteremia (in both neutropenic and nonneu- 
tropenic patients), no differences in response were noted 
among patients treated with an appropriate antipseudo- 
monas P-lactam alone, compared to the P-lactam plus an 
aminoglycoside (49). These and other studies stress the 
importance of treaunent with a p-lactam active against 
the pathogen, at the very least (139). If high serum bac- 
tericidal titers can be achieved with such an agent alone 
(which may not always be the case), the added benefit of 
synergistic therapy becomes less clear. Reyes et al. (451) 
studied, in vitro, strains of P. aeruginosa isolated from 
patients with endocarditis, and they concluded that syn- 
ergism between drugs used for treatment (carbenicillin 
plus gentamicin or tobramycin) was necessary for, but 
not a guarantee of, cure with medical therapy. 

In a prospective study of 200 patients with />. aeru- 
ginosa bacteremia, the mortality rate was significantly 
lower in patients receiving combination therapy (anti- 
pseudomonal p-lactam plus aminoglycoside in all but 
one case), compared with those receiving monotherapy 
(27% versus 47%) (223). Whether the combination used 
was synergistic against the infecting organism (FIC of 
^0.5 or FIC of < 1 .0 or by killing curves at one fourth 
the MIC of each) did not significantly influence outcome, 
although there was a trend toward improved survival in 
combinations demonstrating bactericidal synergism. No- 
tably, there was incomplete correlation between results 
of in vitro studies using different methods. In another 
study, addition of rifampin to antipseudomonal P-lactam/ 
aminoglycoside combinations resulted in increased bac- 
teriologic eradication rates, but not in survival, of pa- 
tients with P. aeruginosa bacteremia (282). 

Other Gram-Negative Bacteria. Animal studies 
have shown that ucarcillin and carbenicillin enhance the 
activity of gentamicin or tobramycin against E, coli or E. 
cloacae in the mouse peritonitis model (101). Confirm- 
atory evidence from human studies is restricted to the 
studies of Gram-negative septicemia cited above, which 
involve many Enterobacteriaceae, including E. coli, Ci- 
trobacter, Klebsiella, Enterobacter, and Proteus, as well 
as P. aeruginosa (269, 273, 294). Several studies have 
also supported the value of combination therapy for 



Gram-negative rod bacteremia in neutropenic patients 
One study noted a 75% response among patients receiv^ 
ing two drugs active against the pathogen but only a 44% 
response rate for organisms susceptible to only one drug 
(277). A large multicenter trial comparing two-drug reg- 
imens of amikacin plus ticarcillin, azlocillin. or cefotax- 
ime noted a 66% response when organisms were suscep- 
tible to both components but only a 21% response when 
the strain was resistant to the p-lactam (271). DeJongh 
et al. (122) observed that synergism (by MIC checker- 
board) was important for patients with persistent pro- 
found (less than 100/|xL) neutropenia. 

On the other hand, other trials have found little benefit 
in adding an aminoglycoside to cefoperazone (435) or 
aztreonam (253) for the treatment of Gram-negative rod 
bacteremia (including patients who were neutropenic). 
The apparent success of such single-drug regimens em- 
ploying the newer p-lactams may relate to the high serum 
bactericidal titers against many pathogens that can be at- 
tained using these agents (551). 

Nevertheless, because of high mortality rates associ- 
ated with Gram-negative sepsis — particularly in neuu-o- 
penic patients — and because of the necessity to start 
empirical antibiotic therapy early (often before sus- 
ceptibility results are known, and certainly before syn- 
ergy studies can be done or serum bactericidal titers es- 
tablished), many clinicians still prefer to use P-lactam/ 
aminoglycoside combinations in this setting. A multicen- 
ter trial comparing ceftazidime plus amikacin adminis- 
tered for 3 days with ceftazidime plus amikacin admin- 
istered for 9 days for the treatment of Gram-negative 
bacteremia in neutropenic cancer patients found im- 
proved response with the longer course of combination 
therapy (81% versus 48%) (151). In a prospective obser- 
vational study of Klebsiella spp. bacteremia in 230 pa- 
tients, outcome was similar for patients receiving mono- 
therapy with an active agent and for those receiving 
combination therapy (almost always p-lactam plus ami- 
noglycoside) (281). However, mortality rates were sig- 
nificantly lower for combination-treated patients with hy- 
potension (24% versus 50%). Antibiotic interactions in 
vitro were not reported. 

Although the possible role of synergistic therapy in 
treatment of A. calcoaceticus var. antitratus infection has 
been raised (189), there have been no controlled animal 
or human trials to study the question in vivo. 

Combinations of Antimicrobial Agents 
That Act by Other or Unknown 
Mechanisms 

Th\s section considers combinations of antimicrobials 
that synergize against bacteria by unknown mechanisms. 
Therefore, the discussion of some of these is restricted 
to available laboratory and clinical studies, because both 
the mechanisms of synergistic activity and the mecha- 
nisms of resistance to synergism are unknown. 
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Laboratory Studies of Antimicrobial 
Combinations That Act by Other or 
Unknown Mechanisms 

Combinations of Agents That Target the Bacterial 
Ribosome. RP 59500 is a combination of two semi- 
synthetic pristinamycin derivatives, RP 57669 or quinu- 
pristin (derived from pristinamycin I a) and RP 54476 or 
dalfopristin (derived from pristinamycin Ua) (21). Com- 
bining the two agents results both in inhibitory synergism 
against various Gram-positive organisms (54, 392) and 
in bactericidal activity lacking with the individual com- 
pounds. It has been proposed that binding of the II a com- 
ponent to the ribosome induces a conformational change 
that increases binding of the Ia component, resulting in 
a very stable ternary complex that blocks protein synthe- 
sis (21). 

Clindamycin plus Gentamicin. Utilizing the 
checkerboard technique, clindamycin/gentamicin has 
been shown to be synergistic against 33 of 62 Entero- 
bacteriaceae and /*. aeruginosa strains that were suscep- 
tible to ^6.2 |xg/mL gentamicin (158). However, the 
concentrations of clindamycin required for synergism 
were frequently 50 to 100 \x.g/mL, which is significantly 
greater than clinically achievable levels (5 to 25 jxg/mL) 
(163). Other studies also suggested that the clindamycin 
plus gentamicin combination was synergistic against E. 
coli and certain other Enterobacteriaceae when tested by 
a modified checkerboard technique (303). However, the 
use of techniques that measure the early bactericidal ac- 
tivity of amikacin and gentamicin has demonstrated an- 
tagonism between clindamycm and the aminoglycoside 
(610), Our own data support the latter observations. We 
have noted decreased early killing of a number of Gram- 
negative bacilli, including S. marcescens^ with the com- 
bination of clindamycin plus gentamicin versus genta- 
micin alone. With gentamicin alone there was often 
overgrowth of gentamicin-resistant colonies after 24 
hours of incubation. With clindamycin plus gentamicin 
such colonies did not emerge, and at 24 hours the colony 
counts in tubes containing clindamycin plus gentamicin 
were often lower than those in tubes that contained gen- 
tamicin alone (RC Moellering Jr and CBG Wennersten, 
unpublished observations). Thus, the net effect of the 
combination (at 24 hours) is increased killing (presum- 
ably due to the decreased emergence of resistant mu- 
tants), despite early antagonism (in the first few hours). 
This effect may account for the **synergism** noted by 
investigators who used an overnight incubation for the 
checkerboard determination (303). 

Clindamycin/gentamicin has been shown to be effec- 
tive in the treatment of polymicrobial peritoneal infection 
in a rat model, preventing both early death from septi- 
cemia and late abscess formation (320). In addition, this 
combination has been shown to be effective in treating 
mixed aerobic-anaerobic infections in humans (96). 
However, in this situation, each drug is presumably act- 



ing against a different organism, i.e., it probably does not 
represent an example of synergism as defined at the start 
of this chapter. 

Clindamycin/gentamicin synergism has also been re- 
ported against some strains of viridans streptococci 
(132). However, this combination has produced antago- 
nism against other streptococci (502), and the clinical 
significance of these observations remains to be estab- 
lished. The clinical data cited above suggest that early 
antagonism noted in time-kill curve determinations may 
not be important with normal patients, although studies 
with immunosuppressed patients (the group for whom 
antagonism might be most important) have not been re- 
ported. In vitro synergism, of uncertain mechanism and 
clinical significance, has been reported between clinda- 
mycin and gentamicin against Chlamydia trachomatis 
(423). 

Polymyxins plus Sulfonamides or TMP. Poly- 
myxins are effective in vitro against most aerobic and 
facultative Gram-negative bacilli, except Proteus and 
Serratia spp. (202). However, when combined with a sul- 
fonamide or TMP, which are also ineffective alone, pol- 
ymyxins synergistically inhibit both Proteus and Serratia 
spp. Synergism of colistin (polymyxin E) and a sulfon- 
amide against Proteus spp. was first noted in 1959 (222) 
and was later confirmed by several other investigators 
(410, 543). Most S. marcescens strains have also been 
shown to be susceptible to polymyxin B/sulfonamide 
synergism. Strains that were resistant to polymyxin B/ 
sulfonamide synergism have been killed by polymyxin 
B plus TMP (202). TMP, SMZ, and polymyxin B have 
been studied alone and in combination against a number 
of Gram-negative bacilli (458). Successful in vitro com- 
binations included SMZ plus polymyxin B against Kleb- 
siella-Enterobacter-Serratia spp. (21 of 26 strains dem- 
onstrated either synergism or an additive effect), TMP 
plus polymyxin B against Proteus-Providencia spp. (14 
of 14 strains), and all three drugs together against nine 
of 12 strains studied by the killing -curve technique (458). 

Although the mechanism of this interaction has not 
been established, the ability of TMP to synergize with 
polymyxins against strains resistant to sulfonamide/poly- 
myxin synergism suggests that the folate pathway is in- 
volved. In addition, two lines of evidence imply that the 
function of the sulfonamide may be to allow polymyxin 
to reach the cell membrane, (a) There is a lag of four 
generation times for the synergistic bactericidal effect of 
the combination after the addition of sulfonamide. The 
same lag occurs if both drugs are added together or if the 
sulfonamide is added first, followed by colistin four gen- 
erations later, in which case the effect occurs immedi- 
ately after the addition of colistin (409). {b) Artificial 
lipid membranes prepared from Proteus spp. resistant to 
polymyxins in vitro are as susceptible to disruption by 
polymyxin B in the laboratory as are those prepared from 
sensitive strains (202). 
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Thus, the available infoimation suggests that sulfon- 
amides and/or TMP may act on the cell through the folate 
pathway to increase the access of polymyxin to the cell 
membrane. The mechanism by which these effects occur 
remains unknown. Polymyxin combinations with sulfon- 
amides and/or TMP have received very little clinical at- 
tention because of polymyxin toxicity, and they are un- 
likely to be studied in the near future. 

TMP plus Aminoglycosides. Preliminary studies 
have shown that TMP plus amikacin may produce syn- 
ergism against Enterobacteriaceae that are susceptible to 
TMP (MIC of < 1 .6 M-g/mL) and amikacin (MIC of <6.4 
fjig/mL) alone (415). Although most strains studied were 
examined by the checkerboard technique, killing curves 
also showed that some strains were synergistically killed 
by this combination. 

Metronidazole plus Clindamycin. Metronidazole 
and clindamycin synergize at clinically achievable con- 
centrations (0.125 to 1.0 and 2.0 pig/mL, respectively) 
against a majority of B. fragilis strains tested (65). 

Quinolones and Other Antimicrobials. Synergism 
between ciprofloxacin and aminoglycosides (214) and 
various p-lactams (215) is infrequently demonstrable 
against Enterobacteriaceae, and antagonism seems quite 
rare. Against P. aeruginosa^ combinations of ciproflox- 
acin with aminoglycosides demonstrate synergism 
against less than one third of isolates (94, 114, 183). 
whereas combination with various 3-lactams (e.g., azlo- 
cillin, cefpiramide, or imipenem) results in synergism 
more frequently (10 to 70% for the ^-lactams listed) 
(114, 172, 183, 459). Ciprofloxacin plus ceftazidime or 
aztreonam also yielded synergistic activity against P. 
aeruginosa^ especially when the organism was resistant 
to the fluoroquinolone (71). Combinations of enoxacin, 
ofloxacin, or norfloxacin with coumermycin (a drug that 
inhibits the B-subunit of DNA gyrase) were found to be 
synergistic against most strains of 5. aureus examined 
(393). However, in a rat 5. aureus endocarditis model 
ciprofloxacin/coumermycin was less effective than was 
the fluoroquinolone alone (428). Novobiocin, another 
agent that acts at the level of DNA gyrase. inhibited the 
bactericidal activities of ciprofloxacin and ofloxacin 
against 5. aureus and Staphylococcus warneri in vitro 
(308). Addition of rifampin to ciprofloxacin tends to de- 
crease the bactericidal activity of the latter against 5. au- 
reus, but the combination does appear to suppress the 
emergence of rifampin-resistant colonies (212, 549). 
Against vancomycin-resistant enterococci, combinations 
of ciprofloxacin with vancomycin sometimes yield in- 
hibitory synergism, but at concentrations of the former 
too high to be of likely importance (547). Studies to date 
suggest that such interactions may be related to dimin- 
ished induction of proteins mediating resistance (547). 
Combinations of the investigational fluoroquinolones 
sparfloxacin or clinafloxacin with either streptomycin or 
gentamicin resulted in bactericidal synergism against 
some enterococcal isolates studied by time-kill methods 



(427). High concentrations of ampicillin combined witftt^ 
ciprofloxacin have been shown to produce a bactericidail^^ 
effect against some strains of enterococci resistant to botfi^^^ 
classes of agents (291). Mechanisms of such interactionsS^^ 
have not been determined. ^^Slt? 

Antineoplastic Agents plus Known Antimicrol |Sp 
bials. Several investigators have shown that antineo^' 
plastic agents such as bleomycin, mitomycin C, and 5< 
fluorouracil, some of which demonstrate antibacterial 
activity at attainable serum concentrations (47), can syn-^ v 
ergize with known antimicrobials (such as aniinoglyco^ 
sides and p-lactams) against 5. aureus (244) and Gram- 
negative bacilli (546, 595). Although some of these! 
interactions are bactericidal, their clinical significance is 
incompletely defined. 

SUIWIMARY 

Mechanisms of Antimicrobial interact! ns 
Resulting in Synergism (Table 9.7) 

There are presently four well-established mechanisms 
of antimicrobial interaction that produce synergism: 

1 . Sequential inhibition of a common biochemical path- 
way (e.g., TMP plus SMZ, amdinocillin plus a ^-lac- 
tam, and vancomycin plus a p-lactam). 

2. Inhibition of ^-lactamase or decreased production of 
p-lactamase (e.g., clavulanic acid or sulbactam plus 
penicillin or chloramphenicol plus penicillin). 

3. Sequential inhibition of cell wall synthesis (a varia- 
tion of the sequential inhibition of a conunon bio- 
chemical pathway) (e.g., amdinocillin or vancomycin 
plus a p-lactam). 

4. Use of p-lactams or other agents acting on the cell 
wall to permit increased entry of aminoglycosides 
(e.g., penicillin, carbenicillin, vancomycin, or imipe- 
nem plus streptomycin or gentamicin). 



Other mechanisms are theoretically possible, such as 
a conformational change of a ribosomal binding site in- 
duced by one drug that enhances the binding of another, 
as has been suggested for quinupristin/dalfopristin (21). 
Possible directions for future research include not only 
the use of different ^-lactams, p-lactamase inhibitors, 
aminoglycosides, and folate antagonists to overcome the 
known mechanisms of resistance to antimicrobial syn- 
ergism but also the use of new combinations of agents 
that have different mechanisms of action. 

IMechanisms Resulting In 
Antimicrobial Antagonism 

Four mechanisms of antimicrobial interaction are 
known to produce antimicrobial antagonism: 

1 . Combination of bacteriostatic agents with p-lactams 
(e.g., penicillin plus tetracycline or chloramphenicol). 

2. Combination of 50S subunit ribosomal inhibitors 
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(e.g., erythromycin plus clindamycin) (in vitro data 
only). 

3. Combination of aminoglycosides with bacteriostatic 
agents (e.g., gentamicin plus tetracycline or 
chloramphenicol). 

4. Combination of p-lactams containing one agent that 
derepresses p-lactamase production (e.g., cefoxitin 
plus another p -lactam). 



LITERATURE CITED 

1. Abrams B, Sklavcr A, Hoffman T, Greenman R. Single or combi- 
nation therapy of staphytococcal endocarditis in intravenous drug 
abusers. Ann Intern Med 1979:90:789-791. 

2. Acar JF. Goldstein F. Chabbert YA. Synergistic activity of trimeth- 
oprim-sulfamethoxazole on Gram-negative baciUi: observations in 
vitro and in vivo. J Infect Dis 1973;128(Suppl):S470-nS477. 

3. Acar JF, Witchitz JL, Goldstein F, Talbot JN, Le Goffic F. Suscep- 
tibility of aminoglycoside-resistant Gram-negative baciUi to ami- 
kacin: delineation of individual resistance patterns. J Infect Dis 
l976;134(Suppl 1):S280-S285. 

4. Allen NE. Albom WE Jr. Hobbs JN Jr. Kirst HA. 7-Hydroxytro- 
polone: an inhibitor of aminoglycosidc-2''-0-adcnylyltransferase. 
Antimicrob Agents Chemother 1982;22:824-^3l. 

5. Al-Obcid S, BiUot-Klein D, van Heijenoort J. Collatz E, Gutmann 
L. Replacement of the essential penicillin-binding protein 5 by high- 
molecular mass PBPs may explain vancomycin-p-lactam synergy 
in low-level vancomycin-resistant Enterococcus faecium D366. 
FEMS Microbiol Utt 1992;91:79-«4. 

6. Alvarez S, Jones Berk SL. In vivo activity of fosfomycin, alone 
and in combination, against methicillin-resistant Staphylococcus 
aureus. Antimicrob Agents Chemother 1985;28:689-690. 

7. Amyes SGB, Smith JT. R-factor trimethoprim resistance mecha- 
nism: an Insusceptible target site. Biochem Biophys Res Commun 
1974:58:412-418. 

8. Anderson ET, Young LS, Hewitt WL. Antimicrobial synergism in 
the therapy of Gram-negative rod bacteremia. Chemotherapy 1978; 
24:45-54. 

9. Anderson JD. Adams MA, Webster HM, Smith L. Growth prop- 
erties of mecillinam-resistant bacterial variants in urine. Antimicrob 
Agents Chemother 1977;12:559-562. 

10. Andrews R, Fasoli R, Scoggins WG, ct al. Combined aztreonam 
and gentamicin therapy for pscudomonal lower respiratory tract in- 
fecUons. Clin Ther 1994; 16:236-252. 

11. Andriole VT, Synergy of carbenicillin and gentamicin in experi- 
mental infection with Pseudomonas. J Infect Dis 1971; 
124{Suppl):S46-^55- 

12. Andriole VT. Antibiotic synergy in experimental infection with 
Pseudomonas. U. The effect of carbenicillin, cephalothin or ce- 
phanone combined with tobramycin or gentamicin. J Infect Dis 
1974:129:124-133. 

13. Anonymous. Instructions to authors. Antimicrob Agents Chemother 
1989;33:i-xi. 

14. Anonymous. Piperacillin/tazobactam. Med Lett Drugs Ther 1994; 
36:7-9. 

15. Arain TM, Goldstein BP. Scotti R, Resconi A. Synergic activity of 
teicoptanin with ethambutol against Mycobacterium tuberculosis. J 
Antimicrob Chemother 1994;33:359-360. 

16. Aronoff SC. Klinger JD. In vitro activities of aztreonam, piperacil- 
lin, and ticarcillin combined with amikacin against amikacin-resis- 
tant Pseudomonas aeruginosa and P. cepacia isolates from children 
with cystic fibrosis. Antimicrob Agents Chemother 1984;25:279- 
280. 

17. Arthur M. Moltnas C, Depardieu F, Courvalin P. Characterization 
of Tn7546, a Tni-related transposon conferring glycopeptide re- 
sistance, by synthesis of depsipeptide peptidoglycan precursors in 
Enterococcus faecium BM4147. J Bacteriol 1993;175:117-127. 

18. Asmar BI, Maqbool S, Dajani AS. Hematologic abnormalities after 
oral trimethoprim-sulfamethoxazole therapy in children. Am J Dis 
ChUd 1981:135:1100-1103. 

19. Athcrton FR. Hall MJ. Hassall CH. et al. Antibacterial properties 
of alafosfalin combined with cephalexin. Antimicrob Agents Che- 
mother 1981;20:470-476. 



20. Auckenthaler R, Wilson WR. Wright AJ. Washington JA, Durack 
DT, Geraci JE. Lack of an in vivo and in vitro bactericidal activity 
of yV-formimidoyl thienamycin against enterococci. Antimicrob 
Agents Chemother 1982;22:448-452. 

21. Aumercier M. Bouhallab S, Capmau M-L. LcGoffic F. RP 59500: 
a proposed mechanism for its bactericidal activity. J Antimicrob 
Chemother l992;30(Suppl A):9-14. 

22. Austin TW, Brooks CF, Bethel M. Roberts FL. Turck M. Holmes 
KK. Trimethoprim-sulfamethoxazole in the treatment of gonococ- 
cal urethritis: clinical and laboratory correlates. J Infect Dis 1973; 
128(Suppl):S666-^672. 

23. Backes RJ, Rouse MS. Henry NK. Geraci JE, Wilson WR. Activity 
of penicillin combined with an aminoglycoside against group B 
stiirptococci in vitro and in experiniental endocarditis. J Antimicrob 
Chemother 1986;18:491-498. 

24. Baker CN, Thomsbeny C. Facklam RR. Synergism, killing, and 
antimicrobial susceptibility of group A and B streptococci. Antim- 
icrob Agents Chemotiier 1981;19:716-725. 

25. Baltimore RS, Klein JO, Wilcox C. Finland M. Synergy of mecil- 
linam (FL 1060) with penicillins and cephalosporins against Prorirwj 
and Klebsiella, with observations on combinations with other anti- 
biotics and against other bacterial species. Antimicrob Agents Che- 
mother 1976:9:701-705. 

26. Bansal MB, Thadepalli H. Antimicrobial effect of 3-lactam anti- 
biotic combinations against Bacteroides fragilis in vitro. Antimi- 
crob Agents Chemother 1983;23:166-168. 

27. Bantar CE, Micucci M, Fernandez Canigia L, Smayevsky J, Bian- 
chini KM. Synergy characterization for Enterococcus faecalis 
strains displaying moderately high-level gentarrucin and strepto- 
mycin resistance. J Clin Microbiol 1993;32:1921-1923. 

28. Barakett V, Lesage D. Delisle F, Burghoffer B, Richard G, Vergez 
P. Petit JC. Synergy of cefotaxime and fosfomycin against penicil- 
lin-resistant pneumococci. J Antimicrob Chemother 1993:31:105- 
109- 

29. Barber M, Waterworth PM. Antibacterial activity of lincomycin and 
pristinamycin: a comparison with erythromycin. Br Med J 1964; 
2:603-606. 

30. Barber M, Waterworth PM. Activity of gentamicin against pseu- 
domonas and hospital staphylococci. Br Med J 1966;1:203-205. 

31. Baron EJ, Young LS. Amikacin, ethambutol, and rifampin for treat- 
ment of disseminated Mycobacterium avium-intracellulare infec- 
tions in patients with acquired immune deficiency syndrome. Diagn 
Microbiol Infect Dis 1986;5:215-220 

32. Ban JG, Smyth ET, Hogg GM. In vitro antimicrobial activity of 
imipenem in combination with vancomycin or teicoplanin against 
Staphylococcus aureus and Staphylococcus epidermidis. Eur J Clin 
Microbiol Infect Dis 1990;9:804-809. 

33. Barry AL, Ayers LW, Gavan TL, Geriach EH, Jones RN. tn vitro 
activity of ticarcillin plus clavulanic acid against bacteria isolated 
in tiuee centers. Eur J Clin Microbiol 1984;3:203-206. 

34. Barry AL, Thomsberry C. SusceptibUity testing: diffusion test pro- 
cedures. In: Lcnnette EH, Balows A, Hausler WJ Jr., Shadomy HJ, 
eds. Manual of clinical microbiology, ed. 4, Washington, DC: 
American Society for Microbiology, 1985:978-987. 

35. Bartlett JG, Gorbach SL. Treatment of aspirarion pneumonia and 
primary lung abscess: Perucillin G vs. clindamycin. J.A.M.A. 1975; 
234:935-937. 

36. Basker MJ. Slocombe B, Sutheriand R. Aminoglycoside-resistant 
enterococci. J Clin Pathol 1977:30:375- 380. 

37. Bauer AW, Kirby WMM, Sherris JC, Turck M. Antibiotic suscep- 
tibility testing by a standardized single disk method. Am J Clin 
Pathol 1966;45:493-496. 

38. Bayer AS, Chow AW, Morrison JO. Guze LB. Bactericidal synergy 
between penicillin or ampicillin and aminoglycosides against anti- 
biotic-tolerant lactobacilli. Antimicrob Agents Chemother 1980; 
17:359-363. 

39. Bayer AS, Norman D, Kim KS. Efficacy of amikacin and ceftazi- 
dime in experimental aortic valve endocarditis due to Pseudorrwnas 
aeruginosa. Antimicrob Agents Chemother 1985:28:781-785. 

40. Betmett WM, Craven R. Urinary tract infections in patients with 
severe renal disease: Treatment with ampicillin and trimethoprim- 
sulfamctfioxazole. J.A.M.A. 1976:236:946-948. 

41. Benveruste R, Davies JE. Mechanisms of antibiotic resistance in 
bacteria. Annu Rev Biochem 1973;42:471-506. 

42. Berenbaum MC. A method for testing for synergy with any number 
of agents. J Infect Dis 1978;137:122-130. 

43. Berenbaum MC. Correlations between methods for measurement of, 
synergy. J Infect Dis 1980;142:476-478. 



384 Antibiotics In Lab rat ry IVIedicIn 



44. Berenbaum MC, Yu VL, Felegie TP. Synergy with double and triple 
combinations compared. 3 Antimicrob Chemother 1983; 12:555- 
563. 

45. Bingen E, Lambcrt-Zechov&ky N, Lcclercq R, Doit C, Mariani- 
- Kuricdjian- P. Bactericidal activity of vancomycin, daptomycin. 

ampicillin and aminoglycosides against vancomycin-resistant 
Enterococcus faecium. J Antimicrob Chemother 1990;26:619-626. 

46. Blumberg PM. Strominger JL. Interaction of penicillin with the bac- 
terial ceil: Penicillin-binding proteins and penicillin-sensitive en- 
zymes. Bacterid Rev 1974;38:291-335. 

47. Bodet CA, Jorgensen JH, Drutz DJ. Antibacterial activities of an- 
tineoplastic agents. Antimicrob Agents Chemother 1985;28:437- 
439. 

48. Bodey GP. Epidemiological studies of Pseudomonas species in pa- 
tients with leukemia. Am J Med Sci 1970;260:82-89. 

49. Bodey GP, Jadeja L, El ting L. Pseudomonas bacteremia. Retro- 
spective analysis of 410 episodes. Arch Intern Med 1985:145:1621- 
1629. 

50. Bodine J. Murray T, Sande MA. Combination therapy of experi- 
mental Haemophilus influenzae and Streptococcus pneumoniae 
meningids. Clin Res 1977;25:27A. 

51. Bonifas V. Determination de 1 'association synergique binaire 
d*antibiotes et de sulfamides. Experientia 1952;8:234-235. 

52. Bomside GH. Synergistic antibacterial activity of ampicillin-clox- 
acillin mixtures against Proteus morganii, Appl Microbiol 1968; 
16:1507-1511. 

53. Bosso JA, Saxon BA, Matsen JM. In vitro activity of aztrconam 
combined with tobramycin and gentamicin against clinical isolates 
of Pseudomonas aeruginosa and Pseudomonas cepacia from pa- 
tients with cystic fibrosis. Antimicrob Agents Chemother 1987; 
31:1403-1405. 

54. Bouanchaud DH. In- vitro and in- vivo synergic activity and frac- 
tional inhibitory concentration (FIC) of the components of a semi- 
synthetic streptogramin, RP 59500. J Antimicrob Chemother 1992; 
30(Suppl A):95-99. 

55. Brandt CM, Rouse MS, Tallan BM, Lauc NW, Stratton CW, Wilson 
WR, Steckelberg JM. Effective treatment of multidrug resistant en- 
terococcal experimental endocarditis with combinations of cell-wall 
active agents. In: Proceedings of the 34th Interscience Conference 
on Antimicrobial Agents and Chemotherapy. 1994, Abstract B75. 
American Society for Microbiology. 

56. Brook I, Coolbaugh JC, Walker RI, Weiss E. Synergism between 
penicillin, clindamycin, or metronidazole and gentamicin against 
species of the Bacteroides melaninogenicus and Bacteroidesfragilis 
groups. Antimicrob Agents Chemother 1984;25:71-77. 

57. Brown GM. The biosynthesis of folic acid. D. Inhibition by sulfon- 
amides. J Biol Chem 1962;237:536-540. 

58. Brown TH, Alford RH. Antagonism by chloramphenicol of broad- 
spectrum p-lactam antibiotics against Klebsiella pneumoniae. An- 
timicrob Agents Chemother 1984;25:405-407. 

59. Brumfin W, Percival A, Leigh DA. Clinical and laboratory studies 
with carbenicillin: a new penicillin active against Pseudomonas 
pyocyanea. Lancet 1 967; 1 : 1 289- 1 293. 

60. Bryan LE, Van den Elzen HM. Streptomycin accumulation in sus- 
ceptible and resistant strains of Escherichia coli and Pseudomonas 
aeruginosa, Antimicrob Agents Chemother 1976;9;928-938. 

61. Buesing MA, Jorgensen JH. In vitro activity of aztreonam in com- 
bination with newer 3-lactams and amikacin against multiply-resis- 
tant Gram-negative bacilli. Antimicrob Agents Chemother 1984; 
25:283-285. 

62. Bulger RJ. In vitro activity of cephalothin/kanamycin and methi- 
cillin/kanamycin combinations against meihicillin-resistant Staph- 
ylococcus aureus. Lancet 1967;1:17-19. 

63. Burchall JJ, Synergism between trimethoprim and sulfamethoxa- 
zole. Science 1977:197:1300-1301. 

64. Burchall JJ, Hitchings GH. Inhibitor binding analysis of dihydro- 
folate reductases from various species. Mol Pharmacol 1 965; 1 : 1 26- 
136, 

65. Busch DF, Sutter VL, Finegold SM. Activity of combinations of 
antimicrobial agents against Bacteroides fragilis. J Infect Dis 1976; 
133:321-328. 

66. Bush K. Characterization of ^-lactamases. Antimicrob Agents Che- 
mother 1989;33:259-263. 

67. Bush K. Sykes RB. ^-Lactamase inhibitors in perspective. J Antim- 
icrob Chemother 1983;n:97-107. 

68. Bushby SRM. Trimethoprim-sulfamethoxazole; in vitro microbio- 
logical aspects. J Infect Dis 1973;128(Suppl):S442-S462. 



69. Bushby SRM, Hitchings GH. Trimethoprim: a sulfonamide poten- 
tiator. Br J Pharmacol Chemother 1968;33:72-90. 

70. Bustamante O, Drusano GL, Wharton RC, Wade JC. Synergism 
of the combinations of imipenem plus ciprofloxacin and imipenem 
plus amikacin against Pseudomonas aeruginosa and other bacterial 
pathogens. Antimicrob Agents Chemother 1987;31:632-634. 

71. Bustamante CI, Wharton RC, Wade JC. In vitro activity of cipro- 
floxacin in combination with ceftazidime, aztreonam, and azlociliin 
against multiresistant isolates of Pseudomonas aeruginosa, Antim- 
icrob Agents Chemother 1990,34:1814-1815. 

72. BuUer T, Linh NN, Arnold K, Adickman MD, Chau DM, Muoi 
MM. Therapy of antimicrobial-resistant typhoid fever. Antimicrob 
Agents Chemother 1977; 1 1 :645-^50. 

73. Butler T, Linh NN, Arnold K, Pollack M. ChJoramphenicol-resis- 
tant typhoid fever in Vietnam associated with R factor. Lancet 1973; 
2:983-985. 

74. Butler T, Shustcr CW, Dixon P. Treatment of experimental Sal- 
monella typhimurium infection with mecillinam and ampicillin. An- 
Umicrob Agents Chemother 1981;19:328-331. 

75- Calderwood SA, Wennersten CBG, Moellering RC Jr, Kunz U, 
Krogstad DJ. Resistance to six aminoglycosidic aminocyclitol an- 
tibiotics among enterococci: prevalence, evolution, and relationship 
to synergism with penicillin. Antimicrob Agents Chemother 1977; 
12:401-405. 

76. Calderwood SB, Gardella A, Philippon AM, Jacoby GA, Moeller- 
ing RC Jr. Effects of azlociliin in combination with clavulanic acid, 
sulbactam, and W-formimidoyl-thienamycin against 3-lactamase- 
producing, carbenicill in-resistant Pseudomonas aeruginosa. Antim- 
icrob Agents Chemother 1982;22:266-271. 

77. Canawati HN. A reassessment of the activity of the third-generation 
cephalosporins against anaerobes and Staphylococcus aureus. Am 
J Surg 1992;164(Suppl 4A):24S-27S. 

77a. Cappelletty DM, Rybak MJ. Comparison of methodologies for syn- 
ergism testing of drug combinations against resistant strains of 
Pseudomonas aeruginosa. Antimicrob Agents Chemother 1996; 
40:677-683. 

78. earlier C, Courvalin P. Emergence of 4' ,4''-aminoglycoside nucleo- 
tidyltransferase in enterococci. Antimicrob Agents Chemother 
1990;34:1565-1569. 

79. Caron F, Carbon C, Gutmann L. Triple-combination penicillin-van- 
comycin-gentamicin for experimental endocarditis caused by a 
moderately penicillin- and highly glycopeptide-resistant isolate of 
Enterococcus faecium. J Infect Dis 1991:164:888-893, 

80. Caron F, Lcmeland J-F. Humbert G, KJare I, Gutmann L. Triple 
combination penicillin-vancomycin-gentamicin for experimental 
endocarditis caused by a highly penicillin- and glycopeptide-resis- 
tant isolate of Enterococcus faecium, J Infect Dis 1993; 168:68 1- 
686. 

81. Caron F, Pestel M, Kitzis M-D. Lemeland J-F, Humbert G, Gut- 
mann L. Comparison of different ^-lactam-glycopeptide-gentami- 
cin combinations for an experimental endocarditis caused by a 
highly p-lactam-rcsistant and highly glycopeptide-resistant isolate 
oi Enterococcus faecium. J Infect Dis 1995;171:106-1 12, 

82. Carrizosa J, Kaye D. Antibiotic synergism in enterococcal endo- 
carditis. J Lab Clin Med 1976;88:132-141. 

83. Cedeno JR, Krogstad DJ. Susceptibility testing of Entamoeba his- 
tolytica. J Infect Dis 1983;148:1090-1095. 

84. Cercenado E, Eliopoulos GM, Wennersten CB, Moellering RC Jr. 
Absence of synergistic activity between ampicillin and vancomycin 
against highly vancomycin-resistant enterococci. Antimicrob 
Agents Chemother 1992;36:2201-2203. 

85. Chabbert YA. Une technique nouvelle d*etude de Taction bacteri- 
cide des associations d'antibiotiques: le transfert sur cellophane. 
Ann Inst Pasteur 1957; 93: 289^299. 

86. Chabbert YA. Patte JC. Cellophane transfer application to the study 
of combinations of antibiotics. Appl Microbiol 1960;8:193-199. 

87. Chabbert YA, Waterworth PM. Studies on the "cairy over" of 
antibiotic using of the cellophane transfer technique. J Clin Pathol 
1965;18:314-316- 

88. Chamovitz B, Bryant RE, Gilbert DN, Hartstein AI. Prosthetic valve 
endocarditis caused by Staphylococcus epidermidis: development 
of rifampin resistance during vancomycin and rifampin therapy. 
JAMA 1985;253:2867-2868. 

89. Chan EL, Zabransky R. Determination of synergy by two methods 
with eight antimicrobial combinations against tobramycin-suscep- 
tible and tobramycin-rcsistant strains of Pseudomonas. Diagn Mi- 
crobiol Infect Dis 1987;6:157-164. 



Chapter 9: Antlmicr bial C mbinatiSlfs 385 



90. Chandrasckar PH, Crane LR, Bailey EJ. Comparison of the activity 
of antibiotic combinations in vitro with clinical outcome and re- 
sistance emergence in serious infection by Pseudomonas aerugi- 
nosa in non-neutropenic patients. J Antimicrob Chemother 1987; 
19:321-329. 

91. Chang HY, Rodriguez V, Narboni G, Bodcy GP, Luna MA, Freir- 
eich EJ. Causes of death in adults with acute leukemia. Medicine 
1976;55:259-268. 

92. Chang MJ, Dunkle LM, Van Reken D. Anderson D. Wong ML, 
Feigin RD. Trimethoprim-sulfamethoxazole compared to ampicillin 
in the treatment of shigellosis. Pediatrics 1977;59:726-729. 

93. Chenoweth CE, Robinson KA, Schaberg DR. Efficacy of ampicillin 
~ vei^us trimethoprim-sulfamethoxazole in a mouse model of lethal™ 

cnterococcoal peritonitis. Antimicrob Agents Chemother 1990; 
34:1800-1802. 

94. Chin NX, Jules K, Neu HC. Synergy of ciprofloxac'm and azlocillin 
in vitro and in a neutropenic mouse model of infection. Eur J Clin 
Microbiol 1986;5:23-28. 

95. Chou T-C, Talalay P. Quantitative analysis of dose-effect relation- 
ships: the combined effects of multiple drugs or enzyme inhibitors. 
Adv Enzyme Regul 1984:22:27-55. 

96. Chow AW, Ota J, Guze LB. Gentamicin-clindamycin therapy for 
suspected sepsis: a prospective study. Clin Res 1974;22:438A. 

97. Chow AW, Wong J, Baitlett KH. Synergistic interactions of cip- 
rofloxacin and extended-spectrum ^-lactams or aminoglycosides 
against multiply drug-resistant Pseudomonas maltophilia. Antimi- 
crob Agents Chemother 1988;32:782-784. 

98. Chow JW, Fine MJ, Shlaes DM, et al. Enterobacter bacteremia: 
clinical features and emergence of antibiotic resistance during ther- 
apy. Ann Intern Med 199 1:115:585-590. 

99. Cockcrill FR HI, Edson RS. Trimethoprim-sulfamethoxazole. Mayo 
Clin Proc 1991;66:1260-1269. 

100. Coleman K, Griffin DRJ, Page JWJ, Upshon PA. In vivo evaluation 
of BRL42715, a novel ^-lactamase inhibitor. Antimicrob Agents 
Chemother 1989;33:1580-1587. 

101. Comber KR, Basker MJ, Osborne CD, Sutherland R. Synergy be- 
tween ticarcillin and tobramycin against Pseudomonas aeruginosa 
and Enterobacteriaceae in vitro and in vivo. Antimicrob Agents 
Chemother 1977; 1 1 :956-964. 

102. Combes T, Carlier C, Courvalin P. Aminoglycoside-modifying en- 
zyme content of multiply-resistant strains of Streptococcus faecalis. 
J Antimicrob Chemother 1983; 1 1:41^7. 

103. Connell EV, Hsu M-C, Richman DD. Combinative interactions of 
a human immunodeficiency virus (HIV) Tat antagonist with HIV 
reverse transcriptase inhibitors and an HIV protease inhibitor. An- 
timicrob Agents Chemother 1994;38:348-352. 

104. Coppens L, Hansen B, Klastersky J. Therapy of staphylococcal in- 
fections with cefamandole or vancomycin alone or with a combi- 
nation of cefamandole and tobramycin. Antimicrob Agents Che- 
mother 1983:23:36-^1. 

105. Costa Y, Galimand M, Leclercq R, Duval J, Courvalin P. Charac- 
terization of the chromosomal aac(6')-/i gene specific for Entero- 
coccus faecium. Antimicrob Agents Chemother 1993;37:1896- 
1903. 

106. Coudron PE, Markowitz SM, Wong ES. Isolation of a p-lactamase- 
producing. aminoglycoside-resistant strain of Enterococcus fae- 
cium. Antimicrob Agents Chemother 1992;36:1 125-1126. 

107. Courvalin P, Carlier C, Collatz E. Plasmid-mediated resistance to 
aminocyclitol antibiotics in group D streptococci. J Bacteriol 1980; 
143:541-551. 

108. Craig WA, Kunin CM. Trimethoprim-sulfamethoxazole: pharma- 
codynamic effects of urinary pH and impaired renal function. Ann 
Intern Med I973;78:491-^97. 

109. Crosby MA, Gump DW. Activity of cefoperazone and two ^-lac- 
tamase inhibitors, sulbactam and clavulanic acid, against Bacteroi- 
des spp. correlated with p-lactamase production. Antimicrob 
Agents Chemother 1982;22:398-405. 

1 10. Cynamon MH, Palmer GS. In vitro susceptibility of Mycobacterium 
fortuitum to amoxicillin or cephalothin in combination with clavu- 
lanic acid. Antimicrob Agents Chemother 1983;23:935-937. 

111. Cynamon MH, Palmer GS. In vitro activity of amoxicillin in com- 
bination with clavulanic acid against Mycobacterium tuberculosis. 
Antimicrob Agents Chemother 1983;24:429-431. 

112. D'Alessandri RM, McNeeley DJ, Kluge RM. Antibiotic synergy 
and antagonism against clinical isolates of Klebsiella species. An- 
timicrob Agents Chemother 1976;10:889-892. 

113. D*Amato RF, Thomsbeny C, Baker CN, Kirven LA. Effect of cal- 



cium and magnesium ions on the susceptibility of Pseudomonas 
species to tetracycline, gentamicin, polymyxin B, and carbenicillin. 
Antimicrob Agents Chemother 1975;7:596~600. 

1 14. Davies GSR, Cohen J. In vitro study of the activity of ciprofloxacin 
alone and in combination against strains of Pseudomonas aerugi- 
nosa with multiple antibiotic resistance. J Antimicrob Chemother 
1985;16:713-717. 

115. Davies JE, Benveniste RE. Enzymes that inactivate antibiotics in 
transit to their targets. Ann NY Acad Sci 1974;235:130-136. 

1 16. Davies M, Morgan JR, Anand CR. Interactions of carbenicillin and 
ticarcillin with gentamicin. Antimicrob Agents Chemother 1975; 
7:431^34. 

1 17. Davis BD, Maas WKt Analysis of the biochemical mechanism of 
drug resistance in certain bacterial mutants, Proc Natl Acad Sci 
USA 1952:38:775-785. 

118. Day CA, Marceau-Day ML, Day DF. Increased susceptibility of 
Pseudomonas aeruginosa to ciprofloxacin in the presence of van- 
comycin. Antimicrob Agents Chemother 1993;37:2506-2508. 

1 19. Debbia E, Pesce A, Schito GC. In vitro activity of LY 146032 alone 
and in combination with other antibiotics against Gram-positive 
bacteria. Antimicrob Agents Chemother 1988;32:279-281. 

120. Debbia E, Varaldo PE, Schito GC. In vitro activity of imipenem 
against enterococci and staphylococci and evidence for high rates 
of synergism with teicoplanin, fosfomycin, and rifampin. Antimi- 
crob Agents Chemother 1986;30:813-815. 

121. DeClercq E, Yamamoto N, Pauwels R, et al. Highly potent and 
selective inhibitions of himian immunodeficiency virus by the bi- 
cyclam derivative JM3100. Antimicrob Agents Chemother 1994; 
38:668-674. 

122. DeJongh CA, Joshi JH, Thompson BW, et al. A double p-lactam 
combination versus an aminoglycoside-containing regimen as em- 
piric antibiotic therapy for febrile granulocytopenic cancer patients. 
Am J Med 1986:80(Suppl 5C):101-lll. 

123. Denning DW, Hanson LH, Perlman AM, Stevens DA. In vitro sus- 
ceptibility and synergy studies of Aspergillus species to conven- 
tional and new agents. Diagn Microbiol Infect Dis 1992;15:21-34. 

124. Deveikis A, Schauf V, Mizen M, Riff L. Antimicrobial therapy of 
experimental group B streptococcal infection in mice. Antinnicrob 
Agents Chemother 1977; 11:817^20. 

125. Dhople AM, Ibanez MA. In-vitro activity of three new fluoroquin- 
olones and synergy with ansamycins against Mycobacterium leprae. 
J Antimicrob Chemother 1993;32:445-451. 

126. DiNubile MJ. Short-course antibiotic therapy for right-sided endo- 
carditis caused by Staphylococcus aureus in injection drug users. 
Ann Intern Med 1994; 121:873^76. 

126a.Doera GV, Ferraro MJ, Brueggemann AB, Ruoff KL. Emergence 
of high rates of antimicrobial resistance among viridans group strep- 
tococci in the United States. Antimicrob Agents Chemother 1996; 
40:891-894. 

127. Donabedian H, Andriole VT. Synergy of vancomycin with penicil- 
lins and cephalosporins against Pseudomonas, Klebsiella^ and Ser- 
ratia. Yale J Biol Med 1977;50:165-176. 

128. Dombusch K. Regression line analysis of the synergistic effect for 
the combination of trimethoprim-sulfamethoxazole. Chemotherapy 
1971;16:229-238. 

129. Dougherty PF, Yotter DW, Matthews TR. Microdilution transfer 
plate technique for determining in vitro synergy of antimicrobial 
agents. Antimicrob Agents Chemother 1977; 1 1:225-228. 

130. Drake TA, Hackbarth CJ, Sande MA. Value of serum tests in com- 
bined drug therapy of endocarditis. Antimicrob Agents Chemother 
1983;24:653-657. 

131. Dumon L, Adriens P, Aime J, Eyssen H. Effect of clavulanic acid 
on the minimum inhibitory concentration of benzylpenicillin, am- 
picillin. carbenicillin, or cephalothin against clinical isolates resis- 
tant to p-lactam antibiotics. Antimicrob Agents Chemother 1979; 
15:315-317. 

132. Duperval R, Bill NJ, Geraci JE, Washington JA H. Bactericidal 
activity of combinations of penicillin or clindamycin with genta- 
micin or streptomycin against species of viridans streptococci. An- 
timicrob Agents Chemother 1975;8:673-676. 

133. EXurack DT, Petersdorf RG. Chemotherapy of experimental strep- 
tococcal endocarditis. I. Comparison of commonly reconmiended 
prophylactic regimens. J Clin Invest 1973;52:592-598. 

134. Dye WE. An agar diffusion method for studying the bacteriostatic 
action of combinations of antimicrobial agents. Antibiot Armu 
1955-1956:374-382. 

135. EickhofT TC. In vitro effects of carbenicillin combined with gen- 



386 



Antibi tics in Laborat ry A/ledicine 



136. 

137. 

138. 
139. 
140. 
141. 

142. 
143. 
144. 

145. 
146. 

147. 

148. 
149. 

150. 

151. 

152. 
153. 



154 



155 



156. 



157. 



tamicin or polymyxin B against Pseudomonas aeruginosa, Appl 
Microbiol 1969:18:469-473. 

Eickhoff TC, Ehrct JM. Comparative activity in vitro of ticarciUin, 
BL-P1654, and carbenicillin. Antimicrob Agents Chemother 1976- 

10:241-244. - - - 

Elion GB, Singer S, Hitchings CH. Antagonists of nucleic acid de- 
rivatives. VIII. Synergism in combinations of biochemically related 
antimetaboUtcs. J Biol Chem 1954;208:477-488. 
Eliopoulos GM. Induction of ^-lactamases. J Antimicrob Chemo- 
ther 1988;22(Suppl A):37-44. 

Eliopoulos GM, Eliopoulos CT. Antibiotic combinations: should 
they be tested? Clin Microbiol Rev 1988;1:139-156. 
Eliopoulos GM, Eliopoulos CT. Ciprofloxacin in combination with 
other antimicrobials. Am J Med 1989;87(Suppl 5A):I7S-22S. 
Eliopoulos GM. Eliopoulos CT. Activity in vitro of the quinolones. 
In: Hooper DC, Wolfson JS, eds. Quinolone antimicrobial agents. 
2nd ed. Washington DC: American Society for Microbiology, 1993- 
161-193. 

Eliopoulos GM, Farber BF. Murray BE, Wennersten CBC, Moell- 
ering RC Jr. Ribosomal resistance of clinical cnterococcal isolates 
to streptomycin. Antimicrob Agents Chemother 1984;25:398-399. 
Eliopoulos GM. Gardella A, De Girolami P, Moellering RC Jr. In 
vitro activity of U-63196E. a new cephalosporin, against clinical 
bacterial isolates. Antimicrob Agents Chemother 1984;25:401-404. 
Eliopoulos GM, MoeUering RC Jr. SuscepUbility of entcrococci and 
Listeria monocytogenes to W-formimidoyl-thienamycin alone and 
in combination vi/ith an aminoglycoside. Antimicrob Agents Che- 
mother 1981;19:789-793. 

Eliopoulos GM, MoeUering RC Jr. AzIocUlin, mezlocillin, and pi- 
peracillin: new broad-spectrimi penicillins. Ann Intern Med 1982- 
97:755-760. 

Eliopoulos GM, Wennersten C, Zighelboim-Daum S, Reiszner E, 
Goldmann D, Moellering RC Jr. High-level resistance togentamicin 
in clinical isolates of Streptococcus (Enterococcus)faecium, Antim- 
icrob Agents Chemother 1988;32:1528-1532. 
. Eliopoulos GM, Willey S, Reiszner E, Spitzer PG. Caputo G, Moell- 
ering RC Jr. In vitro and in vivo activity of LY 146032, a new cyclic 
lipopeptidc antibiotic. Antimicrob Agents Chemother 1986:30-532- 
535. 

EUiot AM, Karam GH. Cobbs CG. Interaction of cefotaxime and 
aminoglycosides against enterococci in vitro. Antimicrob Agents 
Chemother 1983;24:847-850. 

Enciso MD, Lindemann MLM, Altes AG. In vitro evaluation ofN- 
formimidoyl-thienmaycin (MK 0787) combined with amikacin 
against Gram-negative bacilli and Staphylococcus aureus. Antimi- 
crob Agents Chemother 1982;22:1064-1066. 
English AR. Retsema JA, Girard AE. Lynch E, Barth WE. CP 
45,899, a 3-iactamase inhibitor that extends the antibacterial spec- 
trum of p-Iactams: initial bacteriological characterization. Antimi- 
crob Agents Chemother 1978;14:414-419. 

European Organization for Research on Treatment of Cancer Inter- 
national Antimicrobial Therapy Cooperative Group. Ceftazidime 
combined with a short or long course of amikacin for empirical 
therapy of Gram-negative bacteremia in cancer patients with gran- 
ulocytopenia. N Engl J Med 1987;317:1692-1698. 
Ervin FR, Bullock WE. Clinical and pharmacologic smdies of ti- 
carcillin in Gram-negative infections. Antimicrob Agents Chemo- 
ther 1976;9:94-101. 

Esposito S, Gupto A, Thadepalli H. In vitro synergy of ciprofloxacin 
and three other antibiotics against Bacteroides fragilis. Drucs Exd 
Clin Res 1987; 1 3:489-^92. 

Farber FB, Eliopoulos GM, Ward Jl, Ruoff KL, Moellering RC Jr. 
Resistance to penicillin-streptomycin synergy among clinical iso- 
lates of viridans su^ptococci. Antimicrob Agents Chemother 1983- 
24:871-875. 

Farber FB. Eliopoulos GM, Ward JI. Ruoff KL. Syriopoulou V, 
Moellering RC Jr. Multiply resistant viridans streptococci: suscep- 
tibility to 3-lactam antibiotics and comparison of penicillin-binding 
protein patterns. Antimicrob Agents Chemother 1983;24:702-705. 
Farber BF, Yee V. High-level aminoglycoside resistance mediated 
by aminoglycoside-modifying enzymes among viridans strepto- 
cocci: implications for the therapy for endocarditis. J Infect Dis 
1987;155:948-953. 

Farber BF, Yee YC. Karchmer AW. Interaction between rifampin 
and fiisidic acid against methicillin-resistant coagulasc positive and 
negative staphylococci. Antimicrob Agents Chemother 1986- 
30:174-175. 



158 

159. 



160 

161. 

162. 
163. 

164. 

165. 

166. 

167. 
168. 

169. 

170. 
171. 
172. 

173. 
174. 
175. 

176. 
177. 

178. 

179. 
180. 



Farrar WE Jr. O'DeU NM, Krause JM. Use of penicUlinase-resisL 
penicillins to increase the susceptibility of Gram-negative bacte 
to antibiotics. Ann Intern Med 1967;67:733-743. 
Fass RJ^ Inconsistency of synergy between the lactamase inhi- 
itor CP-45,899 and p-lactam antibiotics against multiply drug-i 
sistant Enterobacteriaceae and Pseudomonas species. Antimicr 
Agents Chemother 1981;19:361-363. 

Fass RJ. Comparative in vitro activities of p-lactam-tobramyc 
combinations against Pseudomonas aeruginosa and multidrug-i 
sistant Gram-negative enteric bacilli. Antimicrob Agents Chem 
ther 1982;21:1003-1006. 

Fass RJ, Prior RB. Perkins RL. Pharmacokinetics and tolerance 
a single twelve tablet dose of trimethoprim (960 mg) and sulf 
methoxazole (4800 mg). Antimicrob Agents Chemother 197 
12:102-106. 

Fass RJ. Rotilie VA. Prior RB. Interaction of clindamycin and gei 
tamicin in vitro. Antimicrob Agents Chemother 1974;6:582-587 
Fass RJ, Scholand JF, Hodges GR, Saslaw S. Clindamycin in tl 
treatment of serious anaerobic infections. Ann Intern Med 197 
78:853-859. 

Fass RJ. Wright CA. Comparative efficacies of mezlociUin and an 
picillin alone or in combination with gentanucin in the treatment < 
Streptococcus faecalis endocarditis in rabbits. Antimicrob Ageni 
Chemother 1984;25:408-410. 

Fekety FR Jr, Weiss P. Antibiotic synergism: enhanced suscept 
bility of enterococci to combinations of streptomycin and penicillin 
or cephalosporins. Antimicrob Agents Chemother 1966-1967:156 
164. 

Fernandez-Guerrero ML, Barros C, Rodriguez Tudela JL, Feman 
dez Roblas R, Soriano F. Aonic endocarditis caused by gentamicin 
resistant Enterococcus faecalis. Eur J Clin Microbiol 1988:7-525- 
527. 

File TM Jr, Tan JS. Amdinocillin plus cefoxitin versus cefoxilij 
alone in therapy of mixed soft tissue infections (including diabetii 
foot infections). Am J Med 1983;75(Suppl): 100-1 05. 
Fmland M, Gamer C, Wilcox C, Sabath LD. Susceptibility of "En 
terobacteria** to aminoglycoside antibiotics: comparisons with tet 
racycline, polymyxins, chloramphenicol, and spectinomycin. J In 
feet Dis 1976;134(Suppl):S57-S74. 

Finland M, Gamer C, WUcox C, Sabath LD. Susceptibility of "En- 
terobacieria" to penicillins, cephalosporins, lincomycins, erythro- 
mycin, and rifampin. J Infect Dis 1976;134(Suppl):S75-S96. 
Fleming MP, Datta N, Gnineberg RN. Trimethoprim resistance de- 
termined by R factors. Br Med;J 1972:1:726-728. 
Frisch MJ. Cliiucal experience with adverse reactions to trimetho- 
prim-sulfamethoxazole. J Infect Dis 1973;128(SuppI):S607-S61 1 
Fu KP, Hetzel N. Gregory FJ, Hung PP. Therapeutic efficacy of 
cefpiramide-ciprofloxacin combination in experimental Pseudo- 
monas infections in neutropenic mice. Antimicrob Agents Chemo- 
ther 1987;20:541-546. 

Fu KP. Kimble EF, Zoganas H, Konopka EA. Synergistic activity 
of cefsulodin combined with cefoxitin and sulbactam against Bac- 
teroides species. J Antimicrob Chemother 1984;13:257-265. 
Fu KP, Neu HC. Comparative inhibition of p-lactamases by novel 
^-lactam compounds. Antimicrob Agents Chemother 1 979; 15:171- 
176. 

Fuchs PC, Barry AL, Thomsbeny C, Gavan TL, Jones RN. In vitro 
evaluation of Augmentin by broth microdilution and disk diffusion 
susceptibility testing: regression analysis, tentative interpretive cri- 
teria, and quality conu^l limits. Antimicrob Agents Chemother 
1983;24:31-38. 

Fuchs PC, Barry AL, Thomsberry C. Jones RN. In vitro activity of 
ticarcillin plus clavulanic acid against 632 clinical isolates. Antim- 
icrob Agents Chemother 1984;25:392-394. 

Fuchs PC. Jones RN, Bairy AL, Allen SO, Aldridgc KE, Geriach 
EH, Sommers HM. Effect of clavulanic acid on the susceptibility 
of clinical anaerobic bacteria to ticarcillin. Diagn Microbiol Infect 
Dis 1988:9:47-50. 

Fung-Tome J, Huczko E, Kolek B, Thater C, Kesslcr RE. In vitro 
activities of cefepime alone and witii amikacin against aminogly- 
coside-resistant Gram-negative bacteria. Antimicrob Agents Che- 
mother 1991;35:2652-2654. 

Garrod LP, Waterworth PM. Methods of testing combined antibiotic 
bactericidal action and the significance of the results. J Clin Pathol 
1962;15:328-338. 

Geraci JE, Nichols DR. Wellman WE. Vancomycin in serious 
staphylococcal infections. Arch Intern Med 1962;109:507-515. 



Chapter 9: Antimicr bial C mbinations 387 



181. Gerber AU, Vastola AP, Brandel J. Craig WA. Selection of ami- 
noglycoside-resistant variants of Pseudomonas aeruginosa in an In 

vivo model. J Infect Dis 1982;146:691-697. 204. 

182. Gevaudan MJ» MaUet MN, Gulian C Terriou PR, Lagier P, de 
Micoo P. Etude de la scnsibilitc de sept especes de mycobacteries 
aux nouvelles quinolones. Pathol Biol 1988;36:477-481. 

183. Giamarellou H, Petrikkos G. Ciprofloxacin interactions with imi- 205. 
penem and amikacin against multiresistant Pseudomonas aerugi- 
nosa. Antimicrob Agents Chemother 1 987;3 1 :959-96 1 . 206. 

184. Giamarellou H, Zissis NP, Tagari G, Bouzos J. In vitro synergistic 
activities of aminoglycosides and new ^-lactams against multire- 

^sLstant Pseudomonas aeruginosa. Antimicrob Agents Chemother 
1984;25:534-536. 

185. Gilbert DN, Kutscher E, Ireland P, Bamett JA. Sanford JP. Effect 207. 
of the concentrations of magnesium and calcium on the in vitro 
susceptibility of Pseudomonas aeruginosa to gentamicin. J Infect 

Dis l971;124(Suppl):S37-S45. 208. 

186. Gilman RH, Terminel M, Levine MM, et al. Comparison of tri- 
methoprim-sulfamethoxazole and amoxicillin in therapy of chlor- 
amphenicol-resistant and chloramphenicol-sensitivc typhoid fever. 209. 
J Infect Dis 1975;132:630-636. 

187. GIcw RH, Moellering RC Jr. Effect of protein binding on the activ- 
ity of penicillins in combination with gentamicin against entcro- 210. 
cocci. Antimicrob Agents Chemother 1979;15:87-92. 

188. Glew RH, Moellering RC Jr. Buettner KR. In vitro synergism be- 
tween carbenicillin and aminoglycoside aminocyclitols against Aci- 
netobacter calcoaceticus var. anitratus. Antimicrob Agents Che- 211. 
mother 1977:11:1036-1041. 

189. Glew RH, Moellering RC Jr. Kunz U, Infections with Acinetobac- 
ter calcoaceticus (Herellea vaginicola): clinical and laboratory 
studies. Medicine 1977;56:79-97. 

190. Glew RH, Moellering RC Jr. Wennersten CBG. Comparative syn- 
ergistic activity of nafciliin, oxacillin, and methicillin in combina- 212, 
tion with gentamicin against enterococci. Antimicrob Agents Che- 
mother 1975;7:828-832. 

191. Glew RH, Pavuk RA. Early synergistic interaction between semi- 
synthetic penicillins and aminoglycosidic aminocyclitols against 213. 
Enterobactcriaceae. Antimicrob Agents Chemother 1983;23:902- 

906. 

192. Glew RH, Pavuk RA. Stability of gentamicin, tobramycin, and ami- 
kacin in combination with four p-lactam antibiotics. Antimicrob 214. 
Agents Chemother 1983;24:474-477. 

193. Glew RH, Pavuk RA. Early synergistic interactions between ami- 
kacin and six p-lactam antibiotics against multiply resistant mem- 
bers of the family Enterobacteriaccae. Antimicrob Agents Chemo- 215. 
tfttr 1984;26:378-381. 

194. Goeiing RV. Sanders CC. Sanders WE Jr. Antagonism of carben- 
icillin and cefamandole by cefoxitin in treatment of experimental 216. 
infections in mice. Antimicrob Agents Chemother 1 982; 2 1:963- 

967. 

195. Gombert ME, Aulicino TM. Synergism of imipenem and amikacin 217, 
in combination with other antibiotics against Nocardia asteroides. 
Antimicrob Agents Chemother 1983;24:810-81 1. 

196. Gombert ME, Aulicino TM, Amikacin synergism with p-lactam 218. 
antibiotics against selected nosocomial pathogens. J Antimicrob 
Oiemother 1986;17:325-326. 219. 

197. Gootz TD. Jackson DB, Sherris JC, Development of resistance to 
cephalosporins in clinical strains of Citrobacter spp. Antimicrob 

Agents Chemother 1984;25:591-595. 220. 

198. Gootz TD, Sanders CC, Gocring RV. Resistance to cefamandole: 
derepression of ^-lactamases by cefoxitin and mutation in Entero- 

bacter cloacae. J Infect Dis 1 982; 146:34-^2. 22 1 . 

199. Goidin FM, Sande MA. Amdinocillin therapy of experimental an- 
imal infections. Am J Med 1983;75(SuppI 2A):48-53. 

200. Grayson ML, Eliopoulos GM, Wennersten CB. Ruoff KL, Di- 222. 
Girolami P, Feixaro MJ, Moellering RC Jr. Increasing resistance to 
^-lactam antibiotics among clinical isolates of Enterococcus fae- 

cium: a 22-year review at one instimtion. Antimicrob Agents Che- 
mother 1991;35:2180-2184. 223. 

201. Grayson ML, Thauvin-Eliopoulos C, Eliopoulos GM, et al. Failuire 
of trimethoprim-sulfamethoxazole therapy in experimental entero- 
coccal endocarditis, Antimicrob Agents Chemother 1 990; 34: 1792- 

1794. 224. 

202. Greenfield S, Feingold DS. The synergistic action of the sulfon- 
amides and the polymyxins against Serratia marcescens. J Infect 
Dis 1970;121:555-558. 

203. Greenwood D. Effect of osmolality on the response of Escherichia 



colt to mccillinam. Antimicrob Agents Chemother 1976; 10:824- 
826. 

Greenwood D. Laboratory methods for the evaluation of synergy. 
In: Williams JD, ed. Antibiotic uiteractions — synergisms and an- 
tagonisms: The Beecham Colloquium. New York: Academic Press. 
1979;53-67. 

Greenwood D, O'Orady F. PL 1060: a new p-lactam antibiotic with 
novel properties. J Clin Pathol 1973;26:1-6. 

Gribble MJ, Chow AW, Naiman SC, et al. Prospective randomized 
trial of piperacillin monotherapy versus carboxypeniciilin-amino- 
glycoside combination regimens in the empirical treatment of seri- 
ous bacterial infections. Antimicrob Agents Chemother 1983; 
24:388-393. 

Grossato A, Sartori R, Fontana R. Effect of non-p-Iactam antibiotics 
on penicillin-binding protein synthesis of Enterococcus hirae 
ATCC 9790. J Antimicrob Chemother 1991;27:263-271. 
Grunberg E, Cleeland R, Beskid G, DeLorenzo WF. In vivo synergy 
between 6 p-amidinopenicillanic acid derivatives and other antibi- 
otics. Antimicrob Agents Chemother 1976;9:589-595. 
Guerillot F, CaTTci G, Flandrois JP. A statistical evaluation of the 
bactericidal effects of ceftibutin in combination with aminoglyco- 
sides and ciprofloxaxin. J Antimicrob Chemother 1993;32:685-694. 
Gutmann L, Al-Obeid S, Billot-KJein D, Guerrier ML, Collatz E. 
Synergy and resistance to synergy between ^-lactam antibiotics and 
giycopeptides against glycopeptide-resistant strains of Enterococ- 
cus faecium. Antimicrob Agents Chemother 1994;38:824-829. 
Gutmann L, Vincent S, Billot- Klein D, Acar JF, Mrena E, William- 
son R. Involvement of penicillin-binding protein 2 with other 
penicillin-binding proteins in lysis of Escherichia colt by some 
P-lactam antibiotics alone and in synergistic lytic effect of am- 
dinocillin (mecillinam). Antimicrob Agents Chemother 1986; 
30:906-912. 

Hackbarth CJ, Chambers HF, Sande MA. Serum bactericidal activ- 
ity of rifampin in combination with other antimicrobial agents 
against Staphylococcus aureus. Antimicrob Agents Chemother 
1986;29:611-613. 

Hakenbeck R, Tarpay M, Tomasz A. Multiple changes of penicillin- 
binding proteins in penicillin-resistant clinical isolates of Strepto- 
coccus pneumoniae. Antimicrob Agents Chemother 1980; 17:364— 
371. 

Haller I. Comprehensive evaluation of ciprofloxacin-aminoglyco- 
side combinations against Enterobactcriaceae and Pseudomonas 
aeruginosa strains. Antimicrob Agents Chemother 1985;28:663- 
666. 

Haller I. Comprehensive evaluation of ciprofloxacin in combination 
with p-lactam antibiotics against Enterobactcriaceae and Pseudo- 
monas aeruginosa. Arznetmittelforschung 1986;36:226-229. 
Hamburger M, Stein L. Streptococcus viridans subacute bacterial 
endocarditis: two week treatment schedule with penicillin. JAMA 
1952;149:542-545. 

Hancock REW, Wong PGW. Compounds which increase the per- 
meability of the Pseudomonas aeruginosa outer membrane. Anti- 
microb Agents Chemother 1984;26:48-52. 

Handwerger S, Tomasz A. Antibiotic tolerance among clinical iso- 
lates of bacteria. Rev Infect Dis 1985;7:368-386, 
Harding GKM, Ronald AR. A controlled study of antimicrobial 
prophylaxis of recurrent urinary tract infection in women. N Engl 
J Med 1974;291:597-601. 

Harper GJ, Cawston WC. The in vitro determination of the sul- 
phonamide sensitivity of bacteria. J Pathol Bacteriol 1 945; 57:59- 
66. 

Heineman HS, Lofton WM. Unpredictable response of Pseudo- 
monas aeruginosa to synergistic antibiotic combinations in vitro. 
Antimicrob Agents Chemother 1978;13:827-831. 
Herman LG. Antibiotic sensitivity using pretreated plates, II . A 
demonstration of inhibitory activity with a low level combination 
of a sulfonamide and polymyxin B SLgainst Proteus species. Antibiot 
Annu 1959;1958-59:836-839. 

Hilf M, Yu VL, Sharp J, Zuravleff JJ, Korvick JA, Muder RR. 
Antibiotic therapy for Pseudomonas aeruginosa bacteremia: out- 
come correlations in a prospective study of 200 patients. Am J Med 
1989;87:540-546. 

Hindes RG, Wtlley SH, Eliopoulos GM, Rice LB, Eliopoulos CT, 
Murray BE, Moellering RC Jr. Treatment of experimental endocar- 
ditis caused by a p-lactamase-producing strain of Enterococcus fae- 
calis with high-level resistance to gentamicin. Antimicrob Agents 
Chemother 1989;33:1019-1022. 



388 



Antibiotics in Lab rat ry M dicin 



225 
226 
227. 



228 
229 

230. 

231. 
232. 

233. 

234. 
235. 

236. 

237. 

238. 

239. 
240. 
241. 
242. 

243. 

244. 

245. 
246. 

247. 
248. 
249. 
250. 



Hitchings GH. Chemotherapy and comparative biochemistry Can- 
cer Res 1 969;29: 1 895- 1 903 . 

Hitchings GH. Species differences among dihydrofolate reductases 
as a basis for chemotherapy. Postgrad Med J 1969;45(Suppl):7-10. 
-Hjelm U, Kaustova J, Kubin M,-Hoffner SE; Susceptibility of Afy- 
cobacterium kansasii to ethambutol and its combination with rifa- 
mycins. ciprofloxacin, and isoniazid. Eur J Qin Microbiol Infect 
Dis 1992:11:51-54. 

Ho JL, Klempner MS. In vitro evaluation of clindamycin in com- 
bination with oxacillin, rifampin or vancomycin against Staphylo- 
coccus aureus. Diagn Microbiol Infect Dis 1986;4:133-138. 
Ho RJ. Corman L, Morse SA, Artenstein MS. Alterations in dihy- 
dropteroate synthetase in cell-free extracts of sulfanilamide-resistant 
Neisseria meningitidis and Neisseria gonorrhoeae. Antimicrob 
Agents Chemother 1974;5:388-392. 

Hodel-Christian SU Murray BE. Characterization of the gentamicin 
resistance transposon Tn5257 from Enterococcus faecaiis and com- 
parison to staphylococcal transposons Tn400] and Tn403I. Anti- 
microb Agents Chemother 1991;35:1 147-1 152. 
Hoffmann SA, Moellering RC Jr. The enterococcus: ''putting the 
bug in our ear." Ann Intern Med 1987;106:757-761. 
Hoffner SE, Svenson SB. Kallenius G. Synergistic effects of anti- 
mycobacterial drug combinations on Mycobacterium avium com- 
plex detennined radiometrically in liquid medium. Eur J Clin Mi- 
crobiol 1987;6:530-535. 

Holmes KK, Qaik H. SUverblatt F. Turck M. Emergence of resist- 
ance in Pseudomonas during caibenicillin therapy. Antimicrob 
Agents Chemother 1 970; 1 969:39 1 -397. 

Hoppes WL. Treatment of bacterial endocarditis caused by pcni- 
cillin-sensiUve streptococci. Arch Intern Med 1 977; 1 37: 1 122-1 1 23. 
Horodniceanu T, Bougueleret L, El-Solh N, Bieth G, Delbos F. 
High-level, plasmid-bome resistance to gentamicin in Streptococ- 
cus faecaiis subsp. zymogenes. Antimicrob Agents Chemother 
1979;16:686-689. 

Hruska JF, Bcmstein JM, Douglas RG Jr. Hall CB. Effects of ri- 
bavirin on respiratory syncytial virus in vitro. Antimicrob Agents 
Chemother 1980;17:770-775. 

Hsieh MH, Yu CM, Yu VL, Chow JW. Synergy assessed by check- 
erboard: a critical analysis. Diagn Microbiol Infect Dis 1993- 
16:343-349. 

Hunter PA, Coleman K, Fisher J, Taylor D. in viu^ synergistic 
properties of clavulanic acid, with ampicillin. amoxycillin and ti- 
carcillin. J Antimicrob Chemother 1980:6:455-470. 
Hunicr TH. Use of streptomycin in treatment of bacterial endocar- 
ditis. Am J Med 1947;2:436-442. 

Hunter TH. The treatment of some bacterial infections of the heart 
and pericardium. Bull NY Acad Med 1952:28:213-228. 
Huovinen P. Trimethoprim resistance. Antimicrob Agents Chemo- 
ther 1987:31:1451-1456. 

lannini PB, Ehrct J, Eickhoff TC. Effects of ampiciUin-amikacin 
and ampicillin-rifampin on enterococci. Antimicrob Agents Che- 
mother 1976:9:448-451. 

Ivler D, Leedom JM, Thnipp LD, Wehrle PF, Portnoy B, Mathies 
AW Jr. Naturally occurring sulfadiazine-resistant meningococci. 
Antimicrob Agents Chemother 1965;1964:444-450. 
Jacobs JY, Michel J, Sacks T. Bactericidal effect of combinations 
of antimicrobial drugs and antineoplastic agents against Staphylo- 
coccus aureus. Antimicrob Agents Chemother 1979;15:580-586. 
Jacoby GA, Medeiros AA. More extended-spectrum p-lactamases. 
Antimicrob Agents Chemother 1991;35:1697-1704. 
Jawetz E, Gunnison JB, Colman VR. The combined action of pen- 
icillin with streptomycin or Chloromycetin on enterococci in vitro 
Science 1950:1 11:254-256. 

Jawetz E, Gunnison JB, Speck RS. Studies on antibiotic synergism 
and antagonism: the interference of aureomycin, chloramphenicol, 
and terramycin with the action of streptomycin. Am J Med Sci 1 95 1 • 
222:404-^12. 

Jawetz E, Gunnison JB, Speck RS, Coleman VR. Studies on anU- 
biotic synergism and antagonism: the interference of chloramphen- 
icol with the action of penicillin. Arch Intern Med 1951;87-349^ 
359. 

Johnson DE, Thompson B. Efficacy of single-agent therapy with 
azlocUlin, Ucarcillin, and amikacin and beta- lactam/amikacin com- 
binations for treatment of Pseudomonas aeruginosa bacteremia in 
granulocytopenic rats. Am J Med 1986;80(SuppI 5C):53-58. 
Johnson DW, Kvale PA, Afable VL, Stewart SD, Halverson CW. 
Holmes KK. Single-dose antibiotic treatment of asymptomatic gon- 
orrhea in hospitalized women. N Engl J Med 1970;283:1-6. 



251 



252 



253 

254. 

255. 
256. 

257. 

258. 

259. 

260. 

261 

262 

263. 

264. 

265. 

266. 
267. 

268. 
269. 

270 

271. 

272. 
273. 

274. 



. Jones RN. Bany AL. Packer RB. Gregory WW. -niomsbeiry C In 
vitro antunicrobial spectrum, occurrence of synergy, and recom 
mendations for dilution susceptibUity testing concentrations of the 
cefoperazone-sulbactam combination. J Clin Microbiol lOR?- 
'25:1725-1729. ' - oi iVSV.. 

Jones RN. Packer RB. Antimicrobial activity of amikacin combi- 
nations against Enterobacteriaceae moderately susceptible to third- 
gcneraUon cephalosporins. Antimicrob Agents Chemother 1982- 
22:985-989. 

Jones PG, Rolston KVI. Fainstein V, Elting L, Walters RS. Bodey 
GP. Aztreonam therapy in neutropenic patients with cancer Am J 
Med 1986;81:243-248. 

Kahan FM, Kahan JS. Cassidy PJ. Kropp H. The mechanism of 
acUon of fosfomycin (phosphomycin). Ann NY Acad Sci 1974- 
235:364-386. 

Kahn SB. Fein SA, Brodsky 1. Effects of trimethoprim on folate 
metabolism in man. Clin Pharmacol Ther 1968;9:550-560. 
Kaplan AH, Gilligan PH. Facklam RR. Recovery of resistant en- 
terococci during vancomycin prophylaxis. AnUmicrob Agents Che- 
mother 1988;26:1216-1218. 

Kaplan SA, Weinfeld RE, Abruzzo CW. McFaden K, Jack ML, 
Weissman L. Pharmacokinetic profile of trimethoprim-sulfameth- 
oxazole in man. J Infect Dis 1973;128(Suppl):S547-S555. 
Karchmer AW, Archer GL. Dismukcs WE. Rifampin treatment of 
prosthetic valve endocarditis due to Staphylococcus epidermidis 
Rev Infect Dis 1983;5(Suppl 3):S543-S548. 
Karchmer AW. Moellering RC Jr. Maki DG, Swartz MN. Single 
antibiotic treatment of streptococcal endocarditis. JAMA 1978- 
241:1801-1806. 

Kaufhold A, Potgieter E. Chromosomally mediated high-level gen- 
tamicin resistance in Streptococcus mitis. Antimicrob Agents Che- 
mother 1993:37:2740-2742. 
. Kelly MT. Matsen JM. In vitro activity, synergism, and testing pa- 
rameters of amikacin, with comparisons to other aminoglycoside 
antibiotics. Antimicrob Agents Chemother 1976;9:440-^7. 
Kent RJ. Bakhtiar M, Shanson DC. The in-vitro bactericidal activ- 
ities of combinations of antimicrobial agents against clinical isolates 
of Mycobacterium-avium-intracellulare. J Antimicrob Chemother 
1992;30:643-650. 

Kenry DW, HamUton-MiUer JMT. Brumfitt W. Laboratory smdies 
on mecillinam: activity aJone and in combination with cephradine. 
J Antimicrob Chemother 1977;3(Suppl B):53-58. 
Khan W, Ross S, Rodriguez W, Controhi G, Saz AK. Haemophilus 
influenzae type B resistant to penicillin: a report of two cases. 
JAMA 1974;229:298-301. 

King TC, Krogstad DJ. Spectrophotometric assessment of dose- 
response curves for single antimicrobials and antimicrobial com- 
binations. J Infect Dis 1983;147:758-764. 

King TC. SchJessinger D, Krogstad DJ. The assessment of drug 
combinations. Rev Infect Dis 1981;3:627-633. 
Kitzis MD, Gutmann L. Acar JF. In vitro suscepUbility of Nocardia 
asteroides to 21 3-lactam antibiotics, in combination with three ^- 
lactamase inhibitors, and its relationship to the p-Iactamase content. 
J Antimicrob Chemother 1985:15:23-30. 

Klastersky J. Antibiotic suscepUbility of oxacillin-resistant staphy- 
lococci. Antimicrob Agents Chemother 1972:1:441-446. 
Klastersky J, Cappel R. Daneau D. Clinical significance of in vitro 
synergism between antibiotics in Gram-negative infections. Antim- 
icrob Agents Chemother 1972;2:470-475. 

Klastersky J, Cappel R. Swings G. Vandenborre L. Bacteriological 
and clinical activity of the ampicillin/gcntamicin and cephalothin/ 
gentamicin combinations. Am J Med Sci 1971:262:283-290. 
Klastersky J, Glauser MP, Schimpff SC, Zinner SH, Gaya H, 
EORTC Antimicrobial Therapy Project Group. Prospective ran- 
domized comparison of three antibiotic regimens for empirical ther- 
apy of suspected bacteremic infection in febrile granulocytopenic 
patients. Antimicrob Agents Chemother 1986;29:263-270. 
Klastersky J. Henri A, Vandenborre L. Antimicrobial activity of 
tobramycin and gentamicin used in combination with cephalothin 
and carbenicillin. Am J Med Sci 1973;266:13-21. 
Klastersky J, Hensgens C, Meunier-Carpcntier F. Comparative ef- 
fectiveness of combinations of amikacin with penicillin G and ami- 
kacin with carbenicillin in Gram-negative septicemia: a double- 
blind clinical trial, J Infect Dis 1976:134(Suppl):S433-S440. 
Klastersky J, Meunier-Caipentier F. Prevost JM, Staquet M. Syn- 
ergism between amikacin and cefazolin against Klebsiella: in vitro 
smdies and effect on the bactericidal activity of serum. J Infect Dis 
1976;134:271-276. 



Chapt r 9: Antimicr blal C mbil^Rns 



r 



389 



275 Klastersky J, Nyamubeya B. Vandenborrc L. Antimicrobial cffcc- 
tiveness of kanamycin, aminosidin, BBK-8, stsomicin, gcntamicin, 
and tobramycin combined with cartwnicilUn or ccphalothin agamsi 
Gram-negative rods. J Med Microbiol 1974;7:465-472. 

276. Klastersky J. Swings G, Daneau D. Antimicrobial activity of the 
carbcnicillin/gentaraicin combination against Gram-negative ba- 
cilli. Am J Med Sci 1970;260:373-380. . 

277 Klastersky J, Zinner SH. Synergistic combinations of anubiotics m 
Gram-negative bacillary infections. Rev Infect Dis 1982;4:294- 
301 

278 Kluge RM. Standiford HC. Tatem B, et al. Comparative activity of 
tobramycin, amikacin, and gcntamicin alone and with carbenicUlin 
against Pseudomonas aeruginosa. Antimicrob Agents Chemother - 
1974;6:442^6. , . 

279 Koch AE, Burchall JJ. Reversal of the antunicrobial activity ot tn- 
methoprim by thymidine in commercially prepared media. Appl 
Microbiol 1971;22:812-817. 

280 Kong X-B. Zhu Q-Y, Ruprecht R, et al. Synergistic mhibition ot 
human immunodeficiency virus type 1 rcpUcation in vitro by two- 
dmg and threcndrug combinations of 3'-azido-3'-deoxythymidme. 
phosphonoformate. and 2', 3 '-dideoxy thymidine. Antimicrob 
Agents Chemother 1991;35:2003-201 1. . , , ^ 

28 1 Korvick JA, Bryan CS, Farber B, et al. Observational study of Kleb- 
siella bacteremia in 230 patients: outcome for antibiouc combina- 
tions versus monotherapy. Antimicrob Agents Chemother 1992; 
3 6' 2639-2644 

282 Korvick JA. Peacock JE Jr. Muder RR, Wheeler RR, Yu VL. 
Addition of rifampin to combination antibiotic therapy for 
Pseudomonas aeruginosa bacteremia: prospective trial using 
die Zelen protocol. Antimicrob Agents Chemother 1992;36:62a- 
625 

283 Korzeniowski O. Sande MA, National Collaborative Endocarditis 
Study Group. Combination antimicrobial therapy for Staphylococ- 
cus aureus endocarditis in patients addicted to parenteral drugs and 
in nonaddicts. Ann Intem Med 1982;97:496-503. 

284 Korzeniowski O. Wennersten CBG, Moellering RC Jr, Sande MA. 
Penicillin-netilmicin synergism agamsi Streptococcus faecalts. An- 
timicrob Agents Chemother 1978;13:430-134. 

285 Krogstad DJ. Korfhagen TR, Moellering RC Jr. Pcrzynski S. Davies 
JE Wennersten CBG, Swartz MN. Aminoglycoside-mactivatmg 
enzymes- an explanation for resistance to penicillin-aminoglycoside 
synergism in entcrococci. I Clin Invest 1978; 62:480-^86. 

286 Krogstad DJ, Korfhagen TR, Moellering RC Jr, Wennersten CBG, 
Swartz MN. Plasmid-mediated resistance to antibiotic synergism m 
entcrococci. J Clin Invest 1978;61:1645-1653. 

287 Krogstad DJ, Murray PR, Granich GG, Niles AC, Ladenson JH, 
Davis JE. Sodium polyanethol sulfonate inactivation of ammogly- 
cosides. Antimicrob Agents Chemother 198 1;20: 272-274. 

288 Kuck NA. Jacobus NV, Petersen PJ. Weiss WJ. Testa RT. 
Comparative in vitro and in vivo activities of piperacillin com- 
bined with the p-lactamase inhibitors tazobactam, clavulanic acid, 
and sulbactam. Antimicrob Agents Chemotiier 1989;33:1964- 

289 Kuck NA. Testa RT. Forbes M. In vitro and in vivo antibacterial 
* effects of combinations of p-lactam antibiotics. Antimicrob Agents 

Chemother 1981:19:634-638. . 

290 Kurtz TO. Winston DJ, Bruckner DA, Martin WJ. ComparaUve in 
vitro synergistic activity of new p-lactam antimicrobial agents and 
amikacin against Pseudomonas aeruginosa and Serratia marces- 
cens. Antimicrob Agents Chemother 1981;20:239-243. 

291. Landman D. Mobarakai NK. Quale JM. Novel antibiotic regimens 
against Enterococcus faecium resistant to ampicUlin, vancomycm. 
and gcntamicin. Antimicrob Agents Chemother 1993;37:1904- 
1908 

292 Landy M, Gerstung RB. p-Aminobenzoic acid synthesis by Neis- 
seria gonorrhoeae in relation to clinical and cultural sulfonamide 
resistance. J Immunol 1945;51:269-277. - 

293, Lapointe J-R. Lavallee C, MeiUeur R, Bourget C. Roxithromycm 
alone and in combination with sulphamethoxazole agamst Hae- 
mophilus influenzae. J Antimicrob Chemother 1987;20(Suppl 
B)*21— 29 

294 Uu WK. Young LS. Black RE, Winston DJ, Linne SR. Weinstein 
RJ. Hewitt WL. Comparative efficacy and toxicity of amikacin/ 
carbenicillin versus gentamicin/carbenicillin in leukopenic patients: 
a randomized prospective trial. Am J Med 1977;62:959-966. 

295. LeBouguenec C. Horodniceaneau T. Conjugative R plasmids m 
Streptococcus faecalis (group D). Antimicrob Agents Chemother 
1982;21:698-705. 



296. Lcclercq R, Bingen E. Su QH, Lambert-Zechovski N, Courvalin P, 
Duval J. Effects of combinations of (J-lactams. daptomycin. gen- 
tamicin and glycopeptides against glycopeptide-resistant entcro- 
cocci. Antimicrob Agents Chemother 1991;35:92-98. 

297. Leclcrcq R. Deriot E, Duval J. Courvalin P. Plasmid-mediated re- 
sistance to vancomycin and teicoplanin in Enterococcus faecium. 
N Engl J Med 1988;319:157-161. 

298. Ledcrberg J, Lederberg EM. Replica plating and mdirect selection 
of bacterial mutants. J Bacteriol 1952;63:399-406, 

299. Lee WS. Komarmy L. Simple technique for the assay of antibiotic 
synergism against entcrococci. Antimicrob Agents Chemother 
1975;7:82-84. 

300 Lees L. Milson JA, Knirsch AK. Greenhalgh K. Sulbactam plus 
ampiciUin: interim review of efficacy and safety for therapeuuc and 
prophylactic use. Rev Infect Dis 1986;8(Suppl 5):S644-S650. 

301 Lehr D. Inhibition of drug precipitation in the urinary tract by the 
use of sulfonamide mixtures. I. Sulfathiazole-sulfadiazme mixture. 
Proc Soc Exp Biol Med 1945;58:1 1-14. 

302. Lehr D. Prevention of renal damage by use of mixtures of sulfon- 
amides: animal-experimental and clinical studies. Br Med J 1947; 
2*943—946 

303. Leng B. Meyers BR, Hirschman SZ, Keusch GT. Susceptibilities 
of Gram-negative bacteria to combinations of antimicrobial agents 
in vitro. Antimicrob Agents Chemother 1975;8: 1 64- 17 1 . 

304 Lepper MH, Dowling HF, Treatment of pneumococcic menin- 
gitis with penicillin compared with peniciUin plus aureomycm: 
studies including observations on an apparent antagonism be- 
tween penicillin and aureomycin. Arch Intem Med 1951;88: 
489^94, 

305 Lcvison ME, Mangura CT. Lorber B, et al. Clindamycm compared 
with penicillin for the treatment of anaerobic lung abscess. Ann 
Intem Med 1983;98:466-471. . , ,- 

306. Levy J. Klastersky J. Synergism between amikacm and cefazolm 
against Staphylococcus aureus: a comparative smdy of oxacilhn- 
sensitive and oxacillin-resistant strains. J Antimicrob Chemother 
1979;5:365-373. . , pr, 

307. Lcwin C, Doherty C, Govan J. In vitro activities of meropencm, PD 
1 27 39 1 . PD 1 3 1628, ceftazidime, chloramphenicol, co-trimoxazole, 
and ciprofloxacin against Pseudomonas cepacia. Antimicrob 
Agents Chemother 1993;37:123-125. 

308 Lewis CS, Howard BM, Smith JT. 4-Quinolone interacuons with 
gyrase subunit B inhibitors. J Med Microbiol 1991;35:358-362. 

309 Li RC, Schentag JJ, Nix DE. The fractional maximal effect method: 
a new way to characterize the effect of antibiotic combmaaons and 
other nonlinear pharmacodynamic interactions. Antimicrob Agents 
Chemother 1993;37:523-531. 

310 Libke RD, Regamey C. Clarice JT. Khby WMM- Synergism of 
cart>enicillin and gcntamicin against entcrococci. Antimicrob 
Agents Chemother 1973;4:564-568- 

311 Lincoln U, Weinstein AJ, Gallagher M, Abnityn E. Pcmcillmase- 
resistant penicillins plus gcntamicin in experimental enterococcal 
endocarditis. Antimicrob Agents Chemother 1977;12:484-489. 

312 Ling J. Kam KM. Lam AW. French GL. Susceptibilities of Hong 
Kong isolates of multiply resistant Shigella spp. to 25 antunicrobial 
agents, including ampicillin plus sulbactam and new 4-qumolones, 
Antimicrob Agents Chemother 1988;32:20-23. 

313. Lipman ML, SUva J Jr. Endocarditis due to Streptococcus faecalis 
with high-level resistance to gcntamicin. Rev Infect Dis 1989; 
11:325-328. , ... 

314 Lorian V. Some effects of subinhibitory concentrauons of antibi- 
' otics on bacteria. BuU NY Acad Med 1975;51: 1046-1055. 

315 Lorian V, Atkinson B. Comparison of the effects of mecUlmam and 
6-aminopenicUlanic acid on Proteus mirabilis, Escherichia coli mid 
Staphylococcus aureus. Antimicrob Agents Chemother 1977; 
11:541-552. 

316 Lorian V, Atkinson B, Kim Y. Effect of rifampm and oxacillm on 

* the ultrastructure and growth oi Staphylococcus aureus. Rev Infect 
Dis 1983;5(Suppl 3):S418-S427. 

3 1 7 Lorian V, Emst J. Activity of amikacin and ampicUlm m succession 

* and in combination. Diagn Microbiol Infect Dis 1988;11:163-169. 
318. Lorian V, Fodor G. Technique for determining the bactericidal ef- 
fect of drug combinations. Antimicrob Agents Chemother 1974; 
5 '630—63 3 

319 Lorian V, Masaatsu K, Zak O, Zanan U. Sabath LD. Grassi GG, 
Stille W Effect of subinhibitory concentrations of antibiotics on 
bacteria. In: Siegenthaler W, Lucthy R, eds. Proceedings of the lOth 
International Congress on Chemotherapy, Washmgton DC: Amer- 
ican Society for Microbiology, l978;72-78. 



390 Antibiotic in Lab ratory M dicine 



320. Louie TJ, Onderdonk AB. Gorbach SL, Baillett JG. Therapy for 
experimental intraabdominai sepsis: comparison of four cephaJo- 
sporins with clindamycin plus gentamicin. J Infect Dis 1977; 
135(SuppI):S18-S22. 

321. -Lowy-FD. Chang DS, Lash PR. Synergy of combinations of van- 

comycin, gentamicin, and rifampin against methiciIlin-Tesistant,co- 
agulase-negative staphylococci. Antimicrob Agents Chemother 
1983;23:932-934. 

322. Luboshitzky R, Sacks T, Michel J. Bactericidal effect of combina- 
tions of antibiotics on Ktebsiella-Enterobocter'Serratia. Chemo- 
therapy 1973;19:354-366. 

323. Lund F, Ty bring L. 6-^-AmidinopemciIlanic acids: a new group of 
antibiotics. Nanire New Biol 1972;236:135-137. 

324. Lyon MD. Smith KR, Saag MS. Cloud GA, Cobbs CG. In vitro 
activity of piperacillin, ticarcillin and mezlocillin alone and in com- 
bination with aminoglycosides against Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 1986;30:25-30. 

325. MacGowan AR, Bowker K, Bedford KA, Holt HA, Reeves DS. 
Synergy testing of macrolide combinations using the chequerboard 
technique. J Antimicrob Chemother 1993;32:913-915. 

326. MacGowan AP, Holt HA, Reeves DS. In- vitro synergy testing of 
nine antimicrobial combinations against Listeria monocytogenes, J 
Antimicrob Chemother 1990;25:561-566. 

327. McCormick G J, Canfield CJ. In vitro evaluation of antimalarial drug 
combinations. Proc Hehninihol Soc Wash 1972;39(Suppl):292- 
297. 

328. McDougal LK, Thomsberry C. In vitro bacterial synergism of ri- 
fampin and trimethoprim and implications for treatment of carriers 
oi Haemophilus influenzae. J Antimicrob Chemother 1982;9:369- 
378. 

329. McGowan JE, Teny PM, Nahmias AJ. SuscepUbility of Haemoph- 
ilus influenzae isolates from blood and cerebrospinal fluid to am- 
picillin. chloramphenicol and trimethoprim-sulfamethoxazole. An- 
timicrob Agents Chemother 1976;9:137-139. 

330. McLaughlin FJ, Matthews WJ Jr. Strieder DJ, Sullivan B, Tancja 
A, Murphy P, Goldmann DA. Clinical and bacteriological responses 
to three antibiotic regimens for acute exacerbations of cystic fibro- 
sis: ticarciUin-tobramycin. azlocillin-tobramycin, and azlocillin-pla- 
cebo. J Infect Dis 1983;147:559-567. 

331. McLaughlin JE, Reeves DS. Clinical and laboratory evidence for 
inactivation of gentamicin by carbenicillin. Lancet 1971 •1*261- 
264. 

332. Maderazo EG, Quintiliani R. Treatment of norcardial infection with 
trimethoprim and sulfamethoxazole. Am J Med 1974;57:671-675. 

333. Mainardi JL, Goldstein FW, Acar JF. Amoxicillin and cefotaxime, 
a highly synergisic combination against E.faecalis. In: Proceedings 
of the 34th Intersciencc Conference on Antimicrobial Agents and 
Chemotherapy. Washington DC: American Society for Microbiol- 
ogy, 1994;221. 

334. Mandell GL, Sande MA. Sulfonamides, trimethoprim-sulfameth- 
oxazole, and urinary tract antiseptics. In: Gilman AG, Goodman 
LS, Gilman A, eds. The pharmacological basis of therapeutics. 6th 
ed. New York: MacmiUan. 1 980; 1 106-1 125. 

335. Mandell GL» Sande MA. The aminoglycosides. In: Gilman AG, 
Goodman LS, Gilman A, eds. The pharmacological basis of thera- 
peutics. 6th cd. New York: Macmillan, 1 980; 1 162-1180. 

336. Mandell GL, Sande MA, Drugs used in the chemotheraphy of tu- 
berculosis and leprosy. In: Gihnan AG, Goodman LS, Gilman A, 
eds. The pharmacological basis of therapeutics. 6th ed. New York: 
Macmillan, 1980:1200-1221. 

337. Manning JM, Merrifield NE, Jones WM, Gotschlich EC. Inhibition 
of bacterial growth by ^-chloro-D-alanine. Proc Natl Acad Sci USA 
1974;71:417-421. 

338. Marier RL, Joyce N, Andriole VT. Synergism of oxacillin and gen- 
tamicin against enterococci. Antimicrob Agents Chemother 1975; 
8:571-573. 

339. Markowitz SM, SibiUa DJ. Comparative susceptibilities of clinical 
isolates of Serratia marcescens to newer cephalosporins, alone and 
in combination with various aminoglycosides. Antimicrob Agents 
Chemother 1980;18:651-655. 

340. Marks MI, Hammerberg S, Greenstone G, Silver B. Activity of the 
newer aminoglycosides and carbenicillin, alone in combination, 
against gentamicin-resistant Pseudomonas aeruginosa. Antimicrob 
Agents Chemother 1976;10:399-401. 

341. Marone P, Navarra A. Monzillo V, Travcrso A. Antibacterial activ- 
ity of combined cefotaxime and desacetyl-cefotaxime against aer- 
obic and anaerobic Gram-negative bacilli. Drugs Exp Clin Res 
1990;16:629-633. 



342. Marshall WF. Keating MR, Anhah JP. Steckclberg JM. Xantho- 
monas maltophilia: an emerging nosocomial pathogen Mavo Clin 
Procl989;64: 1097-1 104. ' ^ 

343. Martinez JL. Vincente Delgadq^ribairc A. Perez-Diaz JC 
Biaquero F. Small plasmids are involved in amoxiciUin-cIavulanate 
resistance in Escherichia coli. Antimicrob Agents Chemother 1989* 
33:595. 

344. Maslow MJ, Simberkoff MS, Rahal JJ. Clinical efficacy of a syn- 
ergistic combination of cefotaxime and amikacin against multiie- 
sistant Pseudomonas and Serratia infections. J Antimicrob Che- 
mother 1985;16:227-234. 

345. Masuda G, Nakamura K, Yajima T, Saku K. Bacteriostatic and 
bactericidal activities of ^-lactam antibiotics enhanced by the ad- 
dition of low concentration of gentamicin. Antimicrob Agents Che- 
mother 1980;17:334-336. 

346. Matsuda K, Asahi Y, Sanada M, Nakagawa S. Tanaka N, Inoue M. 
In-vitro activity of imipenem combined with ^-lactam antibiotics 
for methicillin-resistant Staphylococcus aureus. J Antimicrob Che- 
mother 1991;27:809-815. 

347. Matsuhashi M, Dietrich CP, Strominger JL. Biosynthesis of the pep- 
tidoglycan of bacterial cell walls. III. The role of soluble ribonucleic 
acid of lipid intermediates in glycine incorporation in Staphylococ- 
cus aureus. J Biol Chem 1967;242:3191-3206. 

348. Matsuhashi T, Kamiryo T, Blumberg PM, Linnett P, Willoughby 
E, Strominger JL. Mechanisms of action and development of 
resistance to a new amidino penicillin. J Bacteriol 1974;117-578- 
587. 

349. Matsuura M, Nakazawa H, Hashimoto T, Mitsuhashi S. Combined 
antibacterial activity of amoxicillin with clavulanic acid against am- 
picillin-rcsistant strains. Antimicrob Agents Chemother 1980- 
17:908-911. 

350. Meade RH m. Streptomycin and sulfisoxazole for treatment of Hae- 
mophilus influenzae meningitis. JAMA 1978;239:324-327. 

35 1 . Meares EM Jr. Observations on activity of trimethoprim-sulfameth- 
oxazole in the prostate. J Infect Dis 1973:128(Suppl):S679^685. 

352. Mederski-Samoraj BD, Murray BE. High-level resistance to gen- 
tamicin in clinical isolates of enterococci. J Infect Dis 1983; 
147:751-757. 

353. Medoff G, Comfort M, Kobayashi GS. Synergistic action of am- 
photericin B and 5-fluorocytosine against yeast-like organisms. Proc 
Soc Exp Biol Med 1971;138:571-574. 

354. Melchior NH, Blora J, Tybring L, Brich-Andersen A. Light and 
electron microscopy of the early response of Escherichia coli to a 
6-p-amidinopenicillanic acid (FL 1060). Acta Pathol Microbiol 
Scand [B] 1973;81:393-407. 

355. Michel J, Bomstein H, Luboshitzky R, Sacks T. Mechanisms of 
chloramphenicol-cephaloridine synergism on Enterobacteriaceae. 
Antimicrob Agents Chemother 1975;7:845-849. 

356. Michel J, Jacobs J. Sacks T. Bactericidal synergistic effect due to 
chloramphenicol-induced inhibition of staphylococcal penicillinase. 
Chemotherapy 1977;23:32-36. 

357. Miller MH, Feinstein SA, Chow RT. Early effects of ^-lactams on 
aminoglycoside uptake, bactericidal rates, and turbidimetrically 
measured growth inhibition in Pseudomonas aeruginosa. Antimi- 
crob Agents Chemother 1987;31:108-1 10, 

358. Mintz L, Drew WL. Comparative synergistic activity of cefopera- 
zone, cefotaxime, moxalactam, and carbenicillin, combined with 
tobramycin, against Pseudomonas aeruginosa. Antimicrob Agents 
Chemother 1981;19:332-334. 

359. Mitsuhashi S, Inoue M. Resistance to macrolides and lincomycins. 
In: Bryan LE, ed. Antimicrobial drug resistance. Orlando, FL: Ac- 
ademic Press, 1984;279^281. 

360. Moeller O, Hohngren J. A paper disc technique for smdying anti- 
bacterial synergism. Acta Pathol Microbiol Scand 1969;76- MI- 
MS. 

361. Moellering RC Jr. The enterococcus: a classic example of the im- 
pact of antimicrobial resistance on therapeutic options. J Antimicrob 
Chemother 1991;28:1-12. 

362. MoeUering RC Jr, Krogstad DJ. Antibiotic resistance in cnterxxocci. 
In: Schlessingcr D, ed. Microbiology — 1979. Washington DC: 
American Society for Microbiology, 1979;293-298. 

363. Moellering RC Jr, Medoff G, Leech 1, Wennersten CBG, Kunz U. 
Antibiotic synergism against Listeria monocytogenes. Antimicrob 
Agents Chemother 1 972; 1 :3a-34. 

364. Moellering RC Jr, Murray BE, Schocnbaum SC, Adlcr J, Wenner- 
sten CB. A novel mechanism of resistance to penicillin-gentamicin 
synergism in Streptococcus faecalis. J Infect Dis 1980; 141 81- 
86. 



Chapt r 9: Antimlcr bial Combina 



391 



365. MoeDering RC Jr, Weinberg AN. Studies on antibiotic synergism 
against cnterococci. H. Effect of various antibiotics on the uptake 
of '*C-labcled streptomycin by cnterococci. J Clin Invest 1971; 
50:2580-2584. 

366. MoeUcring RC Jr. Wenncrsten CB, Medrek T, Weinberg AN. Prev- 
alence of high-level resistance to aminoglycosides in clinical iso- 
lates of cnterococci. Antimicrob Agents Chemother 1971; 
1970:335-340. ^ ^ ^. 

367. MoeUering RC Jr. Wenncrsten CB, Weinberg AN, Studies on an- 
tibioUc synergism against cnterococci. I. Bacteriologic studies. J 
Lab Clin Med 1971;77:821-828. 

368. MoeUering RC Jr, Wennersten CB, Weinberg AN. Synergy of pen- 
icillin and gentamicin against enterococci. J Infect Dis 1971; 
124(Suppl):S207-S209. 

369. MoeUering RC Jr, Wennersten CB, Weinberg AN. PemcdUn-tobra- 
mycin synergism against enterococci: a comparison widi pemciUm 
and gentamicin. Antimicrob Agents Chemother 1973;3:526-529. 

370 Molinari G, Saverino D. PagUa P. Debbia EA, Schito GC. Syner- 
gistic antibacterial interaction of cefotaxime and desacetylcefotax- 
ime. J Chemother 1991;3:6-12. . 

371 Moody JA. Peterson LR. Gerding DN. In vitro activity of cipro- 
floxacin combined with azlocilUn. Antimicrob Agents Chemother 
1985;28:849-«50. 

372 Murray BE, Church DA. Wagner A, et al. Comparison of two 
lactamase-producing strains of Streptococcus faecalis. Antimicrob 
Agents Chemother 1986;30:861-864, 

373 Murray BE. Karchmer AW, MoeUering RC Jr. Diphtheroid pros- 
thetic valve endocarditis: a study of clinical features and infecting 
organisms. Am J Med 1980;69:838-848. 

374. Murray BE, Mederski-Samoraj B. Transferable p-lactamase: a new 
mechanism for in vitro peniciUin resistance in Streptococcus fae- 
calis. J ain Invest 1983;72:1168-1171. „ 

375. Murray BE. Mederski-Samoraj B, Foster SK. Brunton JL. Harford 
P. In vitio studies of plasmid-mediated pcniciUinase from Strepto- 
coccus faecalis suggest a staphylococcal origin. J Clin Invest 1986; 
77:289-293. 

376 Murray BE. MoeUering RC Jr. Aminoglycoside-modifymg en- 
zymes among clinical isolates oiAcinetobacter catcoaceticus subsp. 
anitratus (Heretlea vaginicota): explanation for high-level ammo- 
glycosidc resistance. Antimicrob Agents Chemother 1979; 15: 190- 
199. 

377. Murray BE, MoeUering RC Jr. Evidence of plasmid-mediated pro- 
duction of aminoglycoside-modifying enzymes not previously de- 
scribed in Acinetobacter calcoaceticus. Antimicrob Agents Che- 
mother 1980;17:30-36. ^ , , 

378 Murray BE, Singh KV, Markowitz SM, et al. Evidence for clonal 
spread of a single strain of p-lactamase-producing Enterococcus 
(Streptococcus) faecalis to six hospitals in five states, J Infect Dis 
1991;163:780-785. . . 

379. Murray PR. Activity of cefotaxime-aminoglycoside combmauons 
against aminoglycoside-resistant Pseudomonas. Antimicrob Agents 
Chemother 1980; 17:474-^76. 

380. Murray PR. Granich GG, Krogstad DJ. Nilcs AC. In vivo selectwn 
of resistance to muldplc cephalosporins. J Infect Dis 1983; 147:590. 

381. Musher DM. Griffith DP. Generation of formaldehyde from mcthe- 
naminc: effect of pH and concentration, and antibacterial effect. 
Antimicrob Agents Chemother 1974;6:708-71 1. 

382. Musher DM, Griffith DP. Tyler M, Woelfel A. Potentiation of the 
antibacterial effect of methenamine by acetohydroxamic acid. An- 
timicrob Agents Chemother 1974;5:101-105. 

383. Nachamkin I. AxeUod P, Talbot GH. Fischer SH. Wennersten CB. 
MoeUering RC Jr. MacGregor RR. Multiply high-level aminogly- 
coside-resistant enterococci isolated from patients in a umversity 
hospital. J Clin Microbiol 1988;26:1287-1291. 

384. NajiouUah F, PeUon G. Freney J. Michel G. Fleurette J. Fosfomycm 
enhances the expression of pcnicUlin-binding protein 2 in methicU- 
Un-sensitivc and methiciUin-resistant Staphylococcus aureus 
strains. FEMS Microbiol Lett 1992;76:221-226. 

385. National Committee for Qinical Laboratory Standards. Methods for 
antimicrobial susccptibUity testing of anaerobic bacteria: approved 
standard. 2nd cd. National Committee for Clinical Laboratory Stan- 
dards document Mn-A2. ViUanova. PA: National Committee for 
Clinical Laboratory Standards, 1990. 

386. National Committee for Clinical Laboratory Standards. Methods for 
dilution antimicrobial susceptibility tests for bacteria tiiat grow aer- 
obicaUy: approved standard, 3rd ed. National Committee for Clin- 
ical Laboratory Standards document M7-A3. VUianova, PA: Na- 
tional Committee for Clinical Laboratory Standards. 1993. 



387. Nelson JD, Kusmiesz H. Jackson LH, Woodman E. Trimethoprim- 
sulfamethoxazole therapy for shigellosis. JAMA 1976;235:1239- 
1243. 

388. Neu HC. MeciUinam, a novel penicUlanic acid derivative with un- 
usual activity against Gram-negative bacteria. Antimicrob Agents 
Chemother 1976;9:793-799. 

389. Neu HC. Synergy of mecUlinam. a p-amidinopemcillanic actd de- 
rivative, combined with p-lactam antibiotics. Antimicrob Agents 
Chemother 1976;10:535-542. 

390. Neu HC. MeciUinam: an amidino penicillin which acts synergisti- 
cally with other p-lactam compounds. J Antimicrob Chemother 
1977;3(Suppl B):43-52. 

39 1 . Neu HC. Synergistic activity of mecillinam in combinauon witii the 
p-lactamase inhibitors clavulaiuc acid and sulbactam. Antimicrob 
Agents Chemodicr 1982;22:518-519. 

392 Neu HC. Chin N-X, Gu J-W. The in-vitro acivity of new strepto- 
gramins. RP 59500, RP 57669, and RP 54476. alone and in com- 
bination. J Antimicrob Chemother 1992;30(Suppl A):83-94, 

393. Neu HC, Chin N-X, LabtiiavUcul P. Antibacterial activity of cou- 
mermycin alone and in combination witti other antibiotics. Antim- 
icrob Agents Chemother 1984;25:687-689. 

394. Neu HC. Fu KP. Clavulanic acid, a novel inhibitor of ^-lactamases. 
Antimicrob Agents Chemotiier 1978; 14:650-655. 

395. Neu HC, Fu KP. Synergy of azlociUin and mezlocUlin combined 
with aminoglycoside antibiotics and cephalosporins. Antimicrob 
Agents Chemother 1978; 1 3:8 13-8 19. 

396. Neu HC. Fu KP. Synergistic activity of piperacUlin in combination 
with p-lactamasc inhibitors. Antimicrob Agents Chemother 1980; 
18:582-585. . ^.^^^^ ^ 

397. Neu HC, Kamimura T. Synergy of fosmidomycm (FR-31564) and 
other antimicrobial agents. Antimicrob Agents Chemother 1982; 
22:560-563. ^ 

398. Nicas TI. Yu CYE, Hobbs JN Jr. Preston DA, AUen NE. Charac- 
terization of vancomycin resistance in Enterococcus faecium and 
Enterococcus faecalis. Antimicrob Agents Chemother 1989; 
33:1121-1124. 

399. Nitidandhaprabhas P, Sittapairochan D. Treattnent of nocardial my- 
cetoma with trimethoprim and sulfamethoxazole. Arch Dermatol 
1975;111:1345-1348. 

400. Nolte H. Buettner H. Pharmacokinetics of trimethoprim and its 
combination with sulfametiioxazole in man after single and chronic 
oral administration. Chemotiierapy 1973;18:274-284. 

401. Norden CW, Shaffer MA. Activities of tobramycin and azlociUin 
alone and in combination against experimental osteomyelitis caused 
by Pseudomonas aeruginosa. Antimicrob Agents Chemotiier 1982; 
21:62-65. , . 

402. Nofden CW. Shaffer M. In vitro synergism between mezlocdlm and 
isoxazolyl penicillins against p-lactamase-producing Gram-nega- 
tive organisms. J Antimicrob Chemother 1983;11:377-380. 

403. Novick RP. Staphylococcal penicillinase and the new peniciUins. 
" Biochem J 1962;83:229-235. 

404. 0*Callaghan CH, Muggleton PW. Kirby SM. Ryan DM. InhibiUon 
of p-lactamase decomposition of cephaloriduie and cephalotiiin by 
other cephalosporins. Antimicrob Agents Chemotiier 1967; 
1966:337-343. 

405. Odds FC. Interactions among amphotericin B. 5-fluorocytosme. and 
miconazole against pathogenic fungi in vitro. Antimicrob Agents 
Chemoti\er 1982;22:763-770. 

406. Oka S, Goto M. Kaji Y. et al. Synergistic activity of imipenem/ 
cUastin combined witii cefotiam against methiciUin-resistant 5/ap/i- 
ylococcus aureus. J Antimicrob Chemother 1993;31:533-541. 

407. Olarte J, Galindo E. Salmonella typhi resistant to chloramphemcol, 
ampicilUn. and other antimicrobial agents: strains isolated during 
an extensive typhoid fever epidemic in Mexico. Antimicrob Agents 
Chemotiier 1973;4:597-601. . . 

408. Olsson RA. Kirby JC, Romansky MJ. Pneumococcal memngitis m 
tiie adult: cUnical therapeutic and prognostic aspects in forty-three 
patients. Ann Intern Med 1961,55:545-549. 

409. Onozawa Y, Kumagai K, Ishida N. Mode of synergism between 
colistin and sulfisomezole in inhibiting the growth of Proteus or- 
ganisms. Jpn J Microbiol 1967;11:221-227. 

410 Onozawa Y, Sato S. Kumagai K, Ishida N. The combinauon effect 
of colistin sulfate and sulfixomezole-Na against Proteus species. I. 
J Antibiot [BJ 1964;17:61-64. 

411. Papanicolaou GA, Medeiros AA. Discrimination of extended-spec- 
trum p-lactamases by a novel nitrocefin competition assay. Antim- 
icrob Agents Chemother 1990;34:2184-2192. 

412- Papanicolaou GA, Medeiros AA. Jacoby GA. Novel plasmid-me- 



_392 Antibiotics In Laboratory Medicine 



dialed ^-lactamase (MIR-1) confening resistance to oxyimino and 
a-methoxy p-iactams in clinical isolates of Klebsiella pneumoniae. 
Antimicrob Agents Chemother 1990;34:2200-2209. 

413. Park JT. Bunnan L. FL-1060: a new penicillin with a unique mode 
of action. Biochem Biophys Res Conunun 1973;51:863-868. 

414. Pany MF, Neu HC. Comparison and evaluation of ticarcillin and 
carbenicillin using disk diffusion methods. Antimicrob Agents Che- 
mother 1976;9:625-^32. 

415. Parsley TL. Provonchee RB, Qickman C. Zinner SH. SynergisUc 
activity of trimethoprim and amikacin against Gram-negative ba- 
cilli. Antimicrob Agents Chemother 1977;12:349-352. 

416. Patel JA. Pachucki CT, Lentino JR. Synergy of levofloxacin (L- 
ofloxacin) and oxacillin against quinolone-rcsistani 5/ap/iy/ococcuj 
aureus measured by the time-kill method. Antimicrob Agents Che- 
mother 1993;37:339-341. 

417. Pato ML, Brown GM. Mechanisms of resistance of Escherichia coli 
to sulfonamides. Arch Biochem Biophys 1963;103:443-448. 

418. Paton JH, Williams EW. Interaction between ciprofloxacin and van- 
comycin against staphylococci. J Antimicrob Chemother 1987: 
20:251-254. 

419. Pane JC. Hirsch H, Chabbeit YA. Emde des courbes d'effet bac- 
teriostatique des associations d'antibiotiques. Ann Inst Pasteur 
1958;94:621-635. 

420. Patterson JE, Colodny SM, Zervos MJ. Serious infection due to p- 
lactamase-producing Streptococcus faecatis with high-level resist- 
ance to gentamicin. J Infect Dis 1988;]58:1 J44-1I45. 

421. Patterson JE, Masccar BL, Zervos MJ. Characterization and com- 
parison of two penicillinase-producing strains of Streptococcus (En- 
terococcus) faecalis. Antimicrob Agents Chemother 1988:32:122- 
124. 

422. Pattishall KH, Acar J, BurchaU J J, Goldstein FW, Harvey RJ. Two 
distinct types of trimethoprim resistant dihydrofolate reductase 
specified by R-plasmids of different compatibility groups. J Biol 
Cbem 1977:252:23 1 9--2323. 

423. Pearlman MD. Faro S. Riddle GD, Tortolero G. In vitro synergy of 
clindamycin and aminoglycosides against Chlamydia trachomatis. 
Antimicrob Agents Chemother 1990;34:1399-1401. 

424. Pearson RD, Steigbigel RT. Davis HT, Chapman SW. Method of 
reliable determination of minimal lethal antibiotic concentrations. 
Antimicrob Agents Chemother 1980; 1 8:699-708. 

425. Pechere JC, Maichou B, Michea-Hamzehpour M, Auckenthaler R. 
Emergence of resistance after therapy with antibiotics used alone 
or combined in a murine model. J Antimicrob Chemother 1986; 
17(Suppl A):ll-18. 

426. Pcrea EJ, Tomes MA, Borobio MV. Synergism of fosfomycin-am- 
picillin and fosfomycin-chloramphenicol against Salmonella and 
Shigella. Antimicrob Agents Chemother 1978;13:705-709. 

427. Pern MB, Chow JW, Zervos MJ. In vitro activity of sparfloxacin 
and clinafloxacin against multidrug-resistant enterococci. Diagn 
Microbiol Infect Dis 1883;17:151-155. 

428. Peironne CM, Malinvemi R, Glauser MP. Treatment of Staphylo- 
coccus aureus endocarditis in rats with coumcrmycin A, and cip- 
rofloxacin, alone or in combination. Antimicrob Agents Chemother 
1987;31:539-543. 

429. Pestka S. AntibioUcs as probes of ribosomal structure: binding of 
chloramphenicol and erythromycin to polyribosomes: effect of 
other antibiotics. Antimicrob Agents Chemother 1974;5:255-267. 

430. Pfaller M, Bale M, Preston T, Howard W, Koontz F. In vitro inhib- 
itory and bacterial activity of cefpiramide and seven antipseudo- 
monal agents against Pseudomonas aeruginosa. Diagn Microbiol 
Infect Dis 1986;5:17-23. 

431. Pfaller M, Barry A, Fuchs P. Gerhach E, Hardy D, McLaughlin J. 
Relative efficacy of tazobactam, sulbactam and clavulanic acid in 
enhancing the potency of ampicillin against clinical isolates of £«- 
terobacteriaceae. Eur J Clin Microbiol Infect Dis 1 993; 1 2:200-205. 

432. Pfaller MA, Segal JJ, Krogstad DJ. AcUvity of ketoconazole and its 
dcacyl derivative against Plasmodium falciparum and Candida iso- 
lates. Antimicrob Agents Chemother 1982;22:917-919. 

433. Phair IP, Waianakunakom C, Bannister T. In vitro susceptibility of 
Pseudomonas aeruginosa to carbenicillin and the combination of 
carbenicillin and gcntamicin, Appl Microbiol 1969;18:303-306 

434. Phillips K. Munster DJ. AUardycc RA, Bagshaw PF. AnUbacterial 
action of the urease inhibitor acctohydroxamic acid on Helicobacter 
pylori. J Clin Pathol 1993;46:372-373. 

435- Piccart M, Klastersky J, Meunicr F, Lagast H, Van Laethem Y, 
Weerts D. Single-drug versus combination empirical therapy for 
Gram-negative bacillary infections in febrile cancer patients with 



and without granulocytopenia. Antimicrob Agents Chemother 
1984;26:87a-875. ™ 

436. Pines A, Nandi AR. Raafai H, Rahman M. PivmeciUinam and 
amoxycillin as combined treatment in purulent exacerbaUons of 
chronic bronchitis. J Antimicrob Chemother 1977;3(Suppl B):14i_ 
148. 

437. Piot P, van Dyke E. hi vitro activity of BRL 17421 against Hae- 
mophilus influenzae. Neisseria gonorrhoeae, and Sranhamella ca- 
tarrhalis. Antimicrob Agents Chemother 1982;21:166-167. 

438. Plotz PH, Davis BD. Synergism between streptomycin and pcnicU- 
lin: a proposed mechanism. Science 1962;135:1067-1068. 

439. Poc M. Antibacterial synergism: a proposal for chemother^utic 
potentiation between trimethoprim and sulfamethoxazole Scieno- 
1976;194:533-535. * 

440. Preheim LC, Penn RG. Sanders CC, Goering K V. Giger DK. Emer- 
gence of resistance to ^-lactam and aminoglycoside antibiotics dur- 
ing moxalactam therapy of Pseudomonas aeruginosa infections 
Antimicrob Agents Chemother 1 982;22: 1037-1041 . 

441. Prichard MN, Prichard LE, Baguley WA. Nassiri MR, Shipman C 
Jr. Three-dimensional analysis of the synergistic cytotoxicity of 
gancycloyir and zidovudine. Antimicrob Agents Chemother 1991- 
35:1060-1065. 

442. Prichard MN, Shipman C Jr. A three-dimensional model to analyze 
drug-drug interactions. Antiviral Res 1990;24:181-206. 

443. Rahal JJ. Antibiotic combinations: the clinical relevance of synergy 
and antagonism. Medicine 1978;57:179-195. 

444. Rahal JJ. Treatment of methicillin-resistant staphylococci infec- 
tions. In: Peterson PK, Verhoef J, eds. Antinucrobial agents annual 
1. Amsterdam: Elsevier, 1 986;489^5 1 4. 

445. Rand KH, Houck HJ, Brown P, Bennett D. Reprwlucibility of the 
microdilution checkerboard method for antibiotic synergy. Antim- 
icrob Agents Chemother 1993;37:613-615. 

446. Reading C, Cole M. Clavulanic acid: a ^-lactamase inhibiting 3- 
lactam from Streptomyces clavuligerus. Antimicrob Agents Che- 
mother 1 977; 1 1 :852-857. 

447. Reeves DS, Bywater MJ, Holt HA, White LO. In vitro studies with 
ciprofloxacin, a new 4-quinolone compound. J Antimicrob Che- 
mother 1984:13:333-336. 

448. Rein MF, Elliott WC, Swenson JM. Thomsberry C. Sulfamethox- 
axole-trimethoprim synergism for Neisseria gonorrhoeae. Antimi- 
crob Agents Chemother 1980;17:247-250. 

449. Reller LB, Schoenknecht FD, Kenny MA, Sherris JC. Antibiotic 
susceptibility testing of Pseudomonas aeruginosa-, selection of a 
control strain and criteria for magnesium and calcium content in 
media. J Infect Dis 1974;130:454-463. 

450. Retsema JA, English AR. Girard AE. CP-45,899 in combination 
with penicillin or ampicillin against perucillin-resistant Staphylo- 
coccus, Haemophilus influenzae and Bacteroides. Antimicrob 
Agents Chemother 1980;17:615-622. 

451. Reyes MP, EI-Khatib MR, Brown WJ, Smith F, Lemer AM. Syn- 
ergy between carbenicillin and an aminoglycoside (gcntamicin or 
tobramycin) against Pseudomonas aerguinosa isolated from pa- 
tients with endocarditis and sensitivity of isolates to normal human 
serum. J Infect Dis 1979;140:192-202. 

452. Rhinehart E, Smith NE, Wennersten C, et al. Rapid dissemination 
of 3-lactamase-producing, aminoglycoside-resistant Enterococcus 
faecalis among patients and staff on an infant-toddler surgical ward 
N Engl J Med 1990;323:1814-1818. 

453. Rice LB, Eliopoulos GM, Moellering RC Jr. In vitro synergism 
between daptomycin and fosfomycin against Enterococcus faecalis 
isolates with high-level gcntamicin resistance. Antimicrob Agents 
Chemother 1989;33:470-473. 

454. Richmond MH. In vitro smdies with meciUinam on Escherichia coli 
and Pseudomonas aeruginosa. J Antimicrob Chemother 1977* 
3(Suppl B):29-39. 

455. Riff LG, Jackson GG. Laboratory and clinical conditions for gcn- 
tamicin inactivaUon by carbenicillin. Arch Intern Med 1972- 
130:887-891. 

456. Riley TV, Digiovanni C, Hoyne GF. Susceptibility of Branhamella 
catarrhalis to sulphamethoxazole and trimethoprim. J Antimicrob 
Chemother 1987:19:39-^3. 

457. Rodriguez JR, Ramirez-Ronda CH, Nevarez M. Efficacy and safety 
of aztreonam-clindamycin versus tobramycin-clindamycin in the 
treatment of lower respiratory tract infections caused by aerobic 
Gram-negative bacilli. Antimicrob Agents Chemother 1985- 
27:246-251. 

458. Rosenblatt JE, Stewart PR. Combined activity of sulfamethoxazole. 



Chapt r 9: Antimicrobial C mbmRi ns 393 



trimethoprim and polymyxin B against Gram-negative bacilli. An- 
timiciob Agents Chemother 1974;6:84-92. 

459. Rudin JE, Nordcn CW, Shinners EM. In vitro activity of ciproflox- 
acin against aerobic Gram-negative bacteria. Antimicrob Agents 
Chemother 1984;26:597-598. 

460. Rudoy RC. Nelson JD, Haltalin KC. In vitro susceptibility of Shi- 
gella strains to trimethoprim and sulfamethoxazole. Antimicrob 
Agents Chemother 1974;5:439-443. 

461. Ryan KJ, Neeham GM, Dunsmoor CU Sherris JC. StabUity of an- 
tibiotics and chemotherapeutics in agar plates. Appl Microbiol 
1970;20:447-451. 

462. Ryan RW, Kwasnik I, Tilton RC. Methodological variation in an- 
tibiotic synergy tests against enterococci. J Clin Microbiol 1981; 
13:73-75. 

463. Sabath LD. Synergy of antibacterial substances by apparently 
known mechanisms. Antimicrob Agents Chemother 1968; 
1967:210-217. 

464. Sabath LD, Elder HA, McCall CE, Finland M. Synergistic combi- 
nations of penicillins in the treatment of bacteriuria. N Engl J Med 
1967:277:232-238. 

465. Sabath LD, Jago M, Abraham EP. Cephalosporinase and penicillin- 
ase activities of a p-Iactamase from Pseudomonas pyocyanea. Bio- 
chem J 1965;96:739-752. 

466. Sabath LD, McCall CE, Steigbigel NH. Finland M. Synergistic pen- 
icillin combinations for treatment of human urinary tract infections. 
Antimicrob Agents Chemother 1967:1966:149-155. 

467. Sabath LD, Steinhauser BW, Finland M. Combined action of pen- 
icillin G with methicillin or oxacillin against Staphylococcus au- 
reus. N Engl J Med 1963;268:284-286. 

468. Sahm DF, Kissinger J, Gilmore MS, Murray PR, Mulder R, Solliday 
J, Clarke B. In vitro susceptibility studies of vancomycin-resistant 
Enxerococcus faecalis. Antimicrob Agents Chemother 1989; 
33:1588-1591. 

469. Sande MA. Courtney KB. Nafcillin-gentamicin synergism in ex- 
perimental staphylococcal endocarditis. J Lab Clin Med 1976; 
88:118-124. 

470. Sande MA, Irvin RG. Penicillin-aminoglycoside synergy in exper- 
imental Streptococcus viridans endocarditis. J Infect Dis 1974; 
129:572-576. 

471. Sande MA. Johnson ML. Antimicrobial therapy of experimental 
endocarditis caused by Staphylococcus aureus, J Infect Dis 1975; 
131:367-375. 

472. Sande MA, Overton JW. In vivo antagonism between gentamicin 
and chloramphenicol in neutropenic mice. J Infect Dis 1973; 
128:247-250. 

473. Sanders CC. Novel resistance selected by the new cxpanded-spec- 
tnmi cephalosporins: a concern. J Infect Dis 1983;147:585-589. 

474. Sanders CC. biducible p -lactamases and non-hydrolytic resistance 
mechanisms. J Antimicrob Chemother 1984;13:1-3. 

475. Sanders CC. New p-lactams: new problems for the internist. Ann 
Intern Med 1991; 115:650-651. 

476. Sanders CC, Moellering RC Jr, Maitin RR, Perkins RL, Strike DG, 
Gootz TD, Sanders WE Jr. Resistance to cefamjindole: a collabo- 
rative study of emerging clinical problems. J Infect Dis 1982; 
145:118-125. 

477. Sanders CC, Sanders WE Jr. Emergence of resistance to cefaman- 
dole: possible role of cefoxitin-inducible ^-lactamases. Antimicrob 
Agents Chemother 1979;15:792-797. 

478. Sanders CC, Sanders WE Jr, Goering RV. In vitro antagonism of 
P-lactam antibiotics by cefoxitin. Antimicrob Agents Chemother 
1982;21:968-975. 

479. Sanders CC, Sanders WE Jr, Goering R V. Influence of clindamycin 
on derepression of p-lactamases in Enterobacter spp. and Pseudo- 
monas aeruginosa. Antimicrob Agents Chemother 1983;24:48-53. 

480. Sanders CC, Sanders WE Jr. Goering RV, McCloskey RV. Leakage 
of 3-lactamase: a second mechanism for antibiotic potentiation by 
amdinocitlin. Antimicrob Agents Chemother 1987;31:1 164—1 168. 

481. Sanders CC, Sanders WE Jr, Moland ES. Decimal assay for addi- 
tivity of drugs permits delineation of synergy and antogonism. An- 
timicrob Agents Chemother 1993;37:260-264. 

482. Sattlcr FR, Hall S, Hanna CE, Green EA. Efficacy of amdinocillin 
and lack of nephrotoxicity when combined with a second ^-lactam 
antibiotic for therapy of serious Gram-negative bacillary infections. 
Am J Med 1983;75(Suppl): 106-1 12. 

483. Schauf V, Deveikis A, Riff L, Scrota A. Antibiotic-killing kinetics 
of group B streptococci. J Pediatr 1976;89:194-198. 

484. Scheld WM, AUiegro GM, Field MR, Brodeur JP. Synergy between 



ampicillin and gentamicin in experimental meningitis due to group 
B streptococci. J Infect Dis 1982:146:100. 

485. Schleupner CJ. Engle JC. Clinical evaluation of cefotaxime for ther- 
apy of lower respiratory tract infections. Antimicrob Agents Che- 
mother 1982;21:327-333. 

486. Schwartz DE, Rieder J. Pharmacokinetics of sulfamethoxazole plus 
trimethoprim in man and their distribution tn the rat. Chemotherapy 
1970;15:337-355. 

487. Schwartz R, Rodriguez W. Khan W, Ross S. The increasing mci- 
dence of ampicillin-resistant Haemophilus influenzae: a cause of 
otitis media. JAMA 1978;239:320-323. 

488. Schwartz WS. Isoniazid alone compared with isoniazid and PAS in 
the treatment of minimal and noncavitary. moderately advanced, 
previously untreated puhnonary tuberculosis. XI. A report of the 
Veterans Administration- Armed Forces Cooperative Study. Am 
Rev Rcspir Dis 1963;87:424-428. 

489. Scott RE. Robson HG. Synergistic activity of carbenicillin and gen- 
tamicin in experimental Pseudomonas bacteremia in neutropenic 
rats. Antimicrob Agents Chemother 1976;10:646-651. 

490. Scribncr RK, Marks MI, Weber AH, Tarpay MM, Welch DF. Ac- 
tivities of various p-lactams and aminoglycosides, alone and in 
combination, against isolates of Pseudomonas aeruginosa from pa- 
tients with cystic fibrosis. Antimicrob Agents Chemother 1982; 
21:939-943. 

491. Seibert G, Isert D, KlcscI N, Limbert M, Markus A, Schrinner E. 
The in- vitro antibacterial activity of a combination of ccfpiromc or 
cefoperazone with vancomycin against enterococci and Staphylo- 
coccus aureus. J Antimicrob Chemother 1992;29(Suppl A):25-30. 

492. Selkon JB, Devadatta S, Kuikamia KG, Mitchison DA, Narayana 
ASL, Narayanan Nair C, Ramachandran K. The emergence of iso- 
niazid-resistant cultures in patients with pulmonary tuberculosis 
during treatment with isoniazid alone or isoniazid plus PAS. Bull 
WHO 1964;31:273-294. 

493. Shlaes DM. Bouvet A, Devine C. Shlaes JH. Al-Obcid S. William- 
son R. Inducible, transferable resistance to vancomycin in Entero- 
coccus faecalis A256. Antimicrob Agents Chemother 1989;33:198- 
203. 

494. Silva M, Jacobus NV, Gorbach SL. In vitro activity of LY 146032 
against Gram-positive bacteria. Diagn Microbiol Infect Dis 1988; 
9:79-85. 

495- Simon GL, Snydman DR, Tally FP, Gorbach SL. Clinical trials of 
piperacillin with acquisition of resistance by Pseudomonas and clin- 
ical relapse. Antimicrob Agents Chemother 1980;18:167-170. 

496. Singh KV, Reeves RR. Pickering LK, Murray BE. Identification by 
DNA" sequence analysis of a new plasmid-encoded trimethoprim 
resistance gene in fecal Escherichia coli isolates firom children in 
day-care centers. Antimicrob Agents Chemother 1992;36:1720- 
1726. 

497. Sirisanthana T, Leraer SA. Effect of clavulanic acid on the in vitro 
synergism between carbenicillin and gentamicin against Serratia 
marcescens. Antimicrob Agents Chemother 1979;15:630-632. 

498. Skold O, Widh A. A new dihydrofolate reductase with low tri- 
methoprim sensitivity induced by an R factor mediating high re- 
sistance to trimethoprim. J Biol Chem 1974;249:4324-4325. 

499. Slocombe B. Transmissible aminoglycoside resistance in strains of 
Streptococcus faecalis. In: Siegenthaler W. Leu thy R, eds. Current 
chemotherapy (Proceedings of the 10th International Congress of 
Chemotherapy). Washington DC: American Society for Microbi- 
ology, 1978;2:891-893. 

500. Smith CB, Dans PE, Wilfert JN, Finland M. Use of gentamicin in 
combination with other antibiotics. J Infect Dis 1969; 1 19:370-377. 

501. Smith CB, Wilfert JN, Dans PE. Kumis TA. Finland M. In vitro 
activity of carbenicillin and results of treatment of infections due to 
Pseudomonas with carbenicillin singly and in combination with 
gentamicin. J LifectDis 1970;122(Suppl):S14~S25. 

502. Snyder RJ, Wikowske CJ, Washington JA II. Bactericidal activity 
of combinations of gentamicin with penicillin or clindamycin 
against Streptococcus mutans. Antimicrob Agents Chemother 1 975; 
7:333-335.' 

503. Sonne M. Jawctz E. Combined action of carbenicillin and genta- 
micin on Pseudomonas aeruginosa in vitro. Appl Microbiol 1969; 
17:893-896. 

504. Sopcr TS. Marming JM. Synergy in the antimicrobial action of pen- 
icillin and j3-chloio-D-alanine in vitro. Antimicrob Agents Che- 
mother 1976;9:347-349. 

505. Spitzer PG, Eliopoulos GM, Karchmer AW, Moellering RC Jr. 
Comparative in vitro activity of the new cyclic lipopeptide LY 



394 Antibiotics in Lab ratory IVI dicine 



506. 



507, 

508. 

509. 
510. 
511. 

512. 

513. 

514. 

515. 

516. 

517. 

518. 
519. 

520. 

521. 
522. 
523. 

524. 
525. 
526. 
527. 



528. 
529. 



530. 
531. 



146032 against Corynebacteriwn species. Eur J Clin Microbiol 
1987;6:183-185. 

Spitzer PG, Eliopoulos GM, Karchmer AW, MocIIering RC Jr. Syn- 532. 
ergistic activity between vancomycin or teicoplanin and gentamicin 
or tobramycin against pathogenicjliphtheroids^^timicrob Agents . 533 
Chemother 1988;32:434^37r 

Spitzer PG, Hammer SM, Karchmer AW. Treatment of Usteria 
monocytogenes infccUon with trimethoprim-sulfamethoxazole: case 534, 
report and review of the literature. J Infect Dis 1986;8:427-430. 
Spratt BG. Distinct penicillin binding proteins involved in the di- 
vision, elongation, and shape of Escherichia coli K12. Proc Natl 535 
Acad Sci USA 1975;72:2999-3003. 

Spratt BG. The mechanism of action of mecillinam. J Antimicrob 536 
Chemother 1 977;3(SuppI B): 1 3-1 9. 

Spratt BG, Pardee AB. Penicillin-binding proteins and cell shape in 
£. coli. Nanire 1 975;254:5 16-517. 537 
Stamey TA. Condy M, Mihara G. Prophylactic efficacy of nitro- 
furantoin macrocrystals and trimethoprim-sulfamethoxazole in uri- 
nary tract infecUons, N Engl J Med 1977;296:780-783. 538 
Standifoid HC, deMaine JB, Kirby WMM. Antibiotic synergism of 
entcrococci: relation to inhibitory concentration. Arch Intern Med 
1970;126:255-259. 

Standiford HC, Kind AC, Kirby WMM. Laboratory and clinical 539. 
studies of carbenicillin against Gram-negative bacilli. Antimicrob 
Agents Chemother 1969;1968:286-291. 

Steers E, Foltz EL, Graves BS, Riden J. An inocula replicating 540. 
apparatus for routine testing of bacterial susceptibility to antibiotics 
Antibiot Chemother 1959;9:307-31 1. 

Steigbigel RT, Greenman RL. Remington JS. Antibiotic combina- 
tions in the treatment of experimental Staphylococcus aureus infec- 54 1 
Uon. J Infect Dis 1 975; 1 3 1 :245-25 1 . 

Stevens DA, Vo PT. Synergistic interaction of trimethoprim and 
sulfamethoxazole on Paracoccidioides brasiliensis, Antimicrob 542. 
Agents Chemother 1982;21:852-854. 

Stone D. Phillips AW, BurchaU JJ. The amino acid sequence of the 
dihydrofolate reductase of a trimethoprim-resistani strain of Esch- 
erichia coli. Eur J Biochem 1977;72:613-624. 543. 
Storey PB, McLean RL. Some considerations of cycloserine Am 
Rev Tubcrc 1957;75:514-516. 

Strausbaugh LJ, Sande MA. Factors influencing the therapy of ex- 
perimental Proteus mirabilis meningitis in rabbits. J Infect Dis 544 
1978;137:251-260. 

Stutman HR, Welch DF, Scribner RK. Marks Ml. In vitro antimi- 545. 
crobial activity of aztreonam alone and in combination against bac- 
terial isolates from pediatric paUents. Antimicrob Agents Chemo- 
ther 1984;25:212-215. 

Sud U. Feingold DS. Heterogeneity of action mechanisms among 
antimycotic imidazoles. Antimicrob Agents Chemother 1981- 
20:71-74. '547 
Sud D, Feingold DS. Effect of kctoconazole on the fungicidal action 
of amphotericin B in Candida albicans. Antimicrob Agents Che- 
mother 1983;23:185-187. 

Sugiura A, Jono K, Kono T, Higashide E. The effect of combina- 548. 
tions of cefotiam and other antibiotics on methicillin-resistant 
Staphylococcus aureus. J Antimicrob Chemother 1991:28:707- 
717. 

Sumita Y, Mitsuhashi S. In vitro synergistic activity between mer- 549. 
openem and the p-lactams against methicillin-resistant Staphylo- 
coccus aureus. Eur J Qin Microbiol Infect Dis 1991;10:77-84. 
Sutherland R, Batchelor FR. Synergistic activity of penicillins 
against penicillinase-producing Gram-negative bacilli. Nature 1 964- 550 
201:868-869. 

Takahashi K, Kanno H. Synergistic activities of combinations of p- 
lactams. fosfomycin, and tobramycin against Pseudomonas aeru- 
ginosa. Antimicrob Agents Chemother 1 984;26:789-79 1 . 55 1 
Tliadepalli H, Roy I, Bach VT, Webb D. In vitro activity of mezlo- 
cillin and its related compounds against aerobic and anaerobic bac- 
teria. Antimicrob Agents Chemother 1979;15:487-490. 
Thauvin C, Eliopoulos GM, Wennersten C, Moellering RC Jr. An- 552. 
tagonistic effect of penicillin-amikacin combinations against en- 
tcrococci. Antimicrob Agents Chemother 1985;28:78-83. 
Thauvin C, Lemeland J-F, Humbert G, Fillastre J-P. Efficacy of 
pefloxacin-fosfomycin in experimental endocarditis caused by 553. 
methicillin-resistant Staphylococcus aureus. Antimicrob Agents 
Chemother 1988;32:9 19^921. 

Then R. Synergism between trimethoprim and sulfamethoxazole. 554 
Science 1977; 197:1301. 

Then R, Angehm P. Nature of the bactericidal action of sulfon- 



anudes and trimethoprim, alone and in combination J Infftr* iv 
1973;128(SuppI):S498-S501. ' "^^^ ^ 

Tomasz A. From peniciUin- binding proteins to the lysis and death 
of bacteria: a 1979 view. Rev Infect E>is 1979;1:434-467. 
-Tomasz A, Waks S. -Mechanism of action of pcmcillin:"Sggerine 
of the pneumococcal autolyiic enzyme by inhibitors of cell waU 
synthesis. Proc NaU Acad Sci USA 1975;72:4162-4166. 
Tomeh MO. Starr SE. McGowan JE Jr, Teiry PM, Nahmias AJ 
AmpiciUin-resistant Haemophilus influenzae type b infecrinti* 
JAMA 1974;229:295-297. ™ecDon. 
Tompsett R, Hurst ML. Bacterial endocarditis: selected aspects of 
treatment. Trans Am Clin Climatol Assoc 1971;83:95-103. 
Tompsett R. Pizetie M. Enterococcal cndocanlids: lack of coirela- 
tion between therapeutic results and antibiotic sensitivity tests Arch 
Intern Med 1962;109:146-150. 

Tompsett R, Robbins WC, Bemtsen C Jr. Short-term penicillin and 
dihydrostrcptomycin therapy of streptococcal endocarditis Am J 
Med 1958:24:57-67. 

Torres C, Tenorio C, Lantero M, Gastanares M-J, Baquero F. High- 
level penicillin resistance and peniciUin-gentamicin synergism in 
Enterococcus faecium. Antimicrob Agents Chemother 1993- 
37:2427-2431. 

Traub WH, Leonard B. Heat stability of the antimicrobial activity 
of sixty-two antibacterial agents. J Antimicrob Chemother 1995* 
35:149-154. 

Tuazon CA. Miller H. Comparative in vitro activity of teichomycin 
and vancomycin alone and in combination witii rifampin and ami- 
noglycosides against staphylococci and enterococci. Antimicrob 
Agents Chemother 1984;25:41 1-412. 

Tuazon CU. Shamsuddin D, Miller H. Antibiotic susceptibility and 
synergy of clinical isolates of Listeria monocytogenes. Antimicrob 
Agents Chemother 1982;21:525-527. 

Tuomanen E, Gilbert K, Tomasz A. Modulation of bacteriolysis 
by cooperative effects of penicillin-binding proteins la and 3 in 
Escherichia coli. Antimicrob Agents Chemother 1986;30:659- 
663. 

Tumer FJ, Lindo FL, Storino PJ. Daly JM, Allen D, Schwartz BS. 
Sulfonamide potentiation of the inhibitory activity of colistin on 
Proteus vulgaris. Antimicrob Agents Chemother 1963; 1962:8 15- 
826. 

Tybring L. Special aspects of laboratory investigations with meth- 
icillin. J Antimicrob Chemother 1977;3(Suppl B):23-37. 
Tybring L, Melchior NH. Mecillinam (FL 1060), a 6^-amidinopen- 
icillanic acid derivative: bactericidal action and synergy in vitro. 
Antimicrob Agents Chcmotiier 1975;8:271-276. 
Ueda Y, Saiio A, Fukuoka Y, Yamashiro Y, Dceda Y, Yasuda T. 
Saikawa I. Interactions of p-Iactam antibiotics and antineoplastic 
agents. Antimicrob Agents Chemother 1983; 23: 374-378. 
tJnal S, Flokowitsch J. MuUen DL. Preston DA, Nicas TI. In-vitro 
synergy and mechanism of interaction between vancomycin and 
ciprofloxacin against enterococcal isolates. J Antimicrob Chemo- 
ther 1993;31:711-723. 

Utsui Y, Ohya S, Magaribuchi T, Tajima M, Yokota T. Antibac- 
terial activity of cefmeiazole alone and in combination with fosfo- 
mycin against methicillin- and cephem-resistant Staphylococcus au- 
reus. Antimicrob Agents Chemother 1986;30:917-922. 
Van der Auwera P, Jo!y P. Comparative in vitro activities of tei- 
coplanin, vancomycin, coumermycin, and ciprofloxacin, alone and 
in combination with rifampin or LM 427, against Staphylococcus 
aureus. J Antimicrob Chemother 1987;19:313-320. 
Van der Auwera P, Vandermies A, Lieppe S, Grenier P. Bourguig- 
non AM, Ernst F. Ceftazidime combined with mecillinam: serum 
bactericidal titers compared with in vitro synergy against Gram- 
negative bacilli. J Antimicrob Chemother 1988;21:745-753. 
Van Laethem Y. Klastersky J. Senim bactericidal activity of me- 
zlocillin, ceftazidime, mezlocillin/ceftazidime and mezlocillin/ami- 
kacin against Klebsiella pneumoniae and Pseudomonas aeruginosa 
Eur J Clin Microbiol 1986;5:1 10-114, 

Van Laethem Y, Lagast H, Klastersky J. Serum bactericidal activity 
of ceftazidime and ccfopcrazonc alone or in combination with ami- 
kacin against Pseudomonas aeruginosa and Klebsiella pneumoniae. 
Antimicrob Agents Chemotiier 1983;23:435-439. 
Van Landuyt HW, Pyckavet M, Lambert AM. Comparative activity 
of BRL 25,000 with amoxycillin against resistant clinical isolates. 
J Antimicrob Chemother 1981:7:65-70. 

Vasquez D. Binding of chloramphenicol to ribosomes: the effect 
of a number of antibiotics. Biochim Biophys Acta 1965- 114-277- 
288. 



Chapter 9: Antlmicr bial C mbinatTns 395 



555. Vu H. Nikaido H. Role of bcta-lactam hydrolysis in the mechanism 579. 
of resistance of a bcta-lactamase-constitutive Enterobacter cloacae 

strain to expanded spectrum beta-lactams. Antimicrob Agents Che- 
mother l985;27:39J-398, 580. 

556. Waitz AJ. Dnibe CG. Moss EL Jr, Oden EM Bailey JV, Wagman 
GH. Weinstein MJ, Biological aspects of the interaction between 
gcntamicin and carbenicillin. J Antibiot 1972;25:219-255. 

557. Wald ER, Standiford HC, Tatem BA. Calia FM. Homick RB. BL- 581. 
Pt654« ticaictUin and carbenicillin: in vitro comparison alone and 

in combination with gentamicin against Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 1975;7:336-340. 582, 

558. Wallace JF, Smith RH, Garia M, Petersdorf RG. Studies on the 
_ pathogenesis of meningitis. VI. Antagonism between penicillin and 

chloramphenicol in experimental pneumococcal meningitis. J Lab 

Clin Med 1967;70:408-^18. 583. 

559. Ward TT, Amon MB, fCrause LK. Combination of adminocillin and 
cefoxitin therapy of multiply-resistant Serratia marcescens urinary 
tract infections. Am J Med l983;75(Suppl):85-«9. 

560. Washington J A n. Susceptibility tests: agar dilution- In: Lennette 584. 
EH, Balows A, Hausler WJ Jr, Shadomy HJ, eds. Manual of clinical 
microbiology. 4th ed. Washington DC: American Society for Mi- 
crobiology, 1985;967-971. 585. 

561. Watanakunakom C. Effects of inoculum size on the activity of car- 
boxy- and ureido-peniciliins and effects of combinations of ureido- 586. 
penicillins with aminoglycosides against resistant Pseudomonas 
aeruginosa. J Antimicrob Chemother 1986;17:91-95. 

562. Watanakunakom C, Glotzbecker C. Enhancement of the effects of 
anti-staphylococcal antibiotics by aminoglycosides. Antimicrob 587. 
Agents Chemother 1974;6:802-806. 

563. Watanakunakom C, Glotzbecker C. Comparative in vitro activity 

of nafcillin, oxacillin, and methicillin in combination with genta- 588. 
micin and tobramycin against enterococci. Antimicrob Agents Che- 
mother 1977;11:88-91. 

564. Watanakunakom C, Glotzbecker C. Enhancement of antistaphylo- 
coccal activity of nafcillin and oxacillin by sisomicin and netilmicin. 
Antimicrob Agents Chemother 1 977; 1 2:346-348. 589. 

565. Watanakunakom C, Tisone JAC. Synergism between vancomcyin 

and gentamicin or tobramycin for methicillin-susceptible and meth- 590. 
icillin-resistant Staphylococcus aureus strains. Antinucrob Agents 
Chemother 1982;22:903-905. 

566. Watanakunakom C, Tisone JAC. Synergism between A^-formimi- 591. 
doyl-thienamycin and gentamicin or tobramycin against entero- 
cocci. Antimicrob Agents Chemother I982;22: 1082-1083. 592. 

567. Waterworth PM, Emmerson AM. Dissociated resistance among 
cephalosporins. Antimicrob Agents Chemother 1979;15:497-503. 

568. Webb JL. Enzyme and metabolic inhibitors. New York: Academic 593. 
Press, 1963:498-500. 

569. Wehrle PF, Mathies AW, Leedom JM, Ivler D. Bacterial meningitis. 
Ann NY Acad Sci 1967:145:488^98. 

570. Weinstein AJ, Lentnek AL. Cephalosporin-aminoglycoside syner- 594. 
gism in experimental enterococcal endocarditis, Antimicrob Agents 
Chemother 1976:9:983-987. 

571. Weinstein AJ, Moellering RC Jr. Penicillin and gentamicin therapy 595. 
for enterococcal infections. JAMA 1973;223:1030-1032. 

572. Weinstein AJ, Moellering RC Jr, Studies of cephalothin-aminogly- 

coside synergism against enterococci, Antimicrob Agents Chemo- 596. 
ther 1975;7:522-529. 

573. Weinstein L. Antimicrobial agents: sulfonamides and trimethoprim- 
sulfamethoxazole. In: Goodman LS, Gilman A, eds. The pharma- 597. 
cological basis of ther^utics. 5th ed. New York: Macmillan, 1975; 
1113-1119. 

574. Weinstein L. Streptomycin, gentamicin and other aminoglycosides. 

In: Goodman LS, Gilman A, eds. The phamiacotogical basis of 598. 
therapeutics. 5th ed. New York: Macmillan, 1975;1 167-1 182. 

575. Weinstein L. Oiemotherapy of mberculosis. In: Goodman LS, Gil- 
man A, eds. The pharmacological basis of therapeutics. 5th ed. New 

York: MacmiUan, 1975; 1201-1223. 599. 

576. Weisblum B. Pneumococcus resistant to erythromycin and linco- 
mycin. Lancet 1967;1:843-844, 

577. Welling PG, Craig WA, Amidon GL. Kunin CM. Pharmacokinetics 600. 
of trimethoprim and sulfamethoxazole in normal subjects and in 
patients with renal failure, J Infect Dis I973;128(Suppl):S556- 

S566. 

578. Weimersten CB, Moellering RC Jr. Mechanisms of resistance to 601. 
peniciilin-aminoglycoside synergism in Streptococcus faecium. In: 
Current chemotherapy and infectious disease (Proceedings of the 

1 1th International Congress of Chemotherapy). Washington DC: 602. 
American Society for Microbiology, 1980;1:710-712. 



White PJ^ Woods DD. The synthesis of p-amirwbenzoic acid and 
folic acid by staphylococci sensitive and resistant to sulfonamides. 
J Gen Microbiol 1965;40:243-253. 

Whiting JL, Cheng N, Chow AW, Interactions of ciprofloxacin with 
clindamycin, metronidazole, cefoxitin, cefotaxime, and mezlocillin 
against Gram-positive and Gram-negative anaerobic bacteria. An- 
timicrob Agents Chemother 1987:31:1379-1382. 
Williamson R, Al-Obeid S, Shlaes JH, Goldstein FW, Shlaes DM. 
Inducible resistance to vancomycin in Enterococcus faecium D366. 
J Infect Dis 1989;159:1095-1 104. 

Williamson R, LeBouguenec C, Gutmann L, Horaud T. One or two 
low affinity penicillin-binding proteins may be responsible for the 
range of susceptibility of Enterococcus faecium to bcnzylpenicillin. 
J Gen Microbiol 1985;131:1933-1940, 

Wilson WR, Thompson RL, Wilkowski CJ, Washington JA D, Gui- 
liani ER. Geraci JE. Short-term therapy for streptococcal infective 
endocarditis: combined intramuscular administration of penicillin 
and streptomycin. JAMA 1981;254:360-363. 
Wilson WR, Zak O, Sande MA. Penicillin therapy for treatment of 
experimental endocarditis caused by viridans streptococci in ani- 
mals. J Infect Dis 1985;151:1028-1033. 

Wirmingham DG, Stamcy TA, Diffusion of sulfonamides from 

plasma into prostatic fluid, J Urol 1970;104:559-563. 

Wise EM Jr, Abou-Donia MM. Sulfonamide-resistance mechanism 

in Escherichia coli: R plasmids can determine sulfonamide-resistant 

dihydroptcroate synthases. Proc Natl Acad Sci USA 1975;72:262!- 

2625. 

Wise R, Andrews JM, Bedford KA. In vitro study of clavulanic acid 
in combination with penicillin, amoxycillin, and carbenicillin. An- 
timicrob Agents Chemother 1978;1:389-393. 
Wise R, Ayliffe GAJ, Andrews JM, Bedford KA. The activity of 
mecillinam (FL-1060), in combination with other antibiotics, 
against H. influenzae and Streptococcus faecalis. In: Williams JD, 
Geddes AM, eds. Chemotherapy. New York: Plenum Press, 1976; 
5:191-198. 

Wise RW. P -Lactamase inhibitors. J Antimicrob Chemother 1982; 
9(SuppI B):31-40. 

Wolfe JC, Johnson WD Jr. Penicillin-sensitive streptococcal en- 
docarditis: in vitro and clinical observations on penicillin-strepto- 
mycin therapy. Ann Intern Med 1974;81:178-181. 
Wright AJ, Wilkowske CJ. The penicillins. Mayo Clin Proc 1987; 
62:806-820. 

Wust J, Hardegger U. In vitro activity of ceftriaxone combined with 
tazobactam against anaerobic bacteria. Eur J Clin Microbiol Infect 
Dis 1994;13:177-181. 

Yajko DM, Sanders CA, Nassos PS, Hadley WK. In vitro suscep- 
tibility of Mycobacterium avium complex to the new fluoroquino- 
lone sparfloxacin (CI-978; AT-4140) and comparison with cipro- 
floxacin. Antimicrob Agents Chemother 1990;34:2442-2444. 
Yamaguchi A. Hirata T, Sawai T. Kinetic studies on inactivation of 
Citrobacter freundii cephalosporinase by sulbactam, Antimicrob 
Agents Chemother 1983;24:23-30. 

Yamashiro Y, Fukuoka Y, Yotsuji A, Yasuda T, Saikawa I, Ueda 
Y. Interactions of antimicrobial agents and antineoplastic agents. J 
Antimicrob Chemother 1986;18:703-708. 

Yee Y, Farber B. Mates S. Mechanism of penicillin-streptomycin 
synergy for clinical isolates of viridans streptococci. J Infect Dis 
1986;154:531-534. 

Yogev R, Kabat WJ. Synergistic action of nafcillin and ampicillin 
against amptcillin-resistant Haemophilus influenzae type b bacter- 
emia and menirigitis in infant rats. Antimicrob Agents Chemother 
1980;18:122-124. 

Yogev R, Melick C, Kabat WJ. In vitro and in vivo synergism 
between amoxycillin and clavulanic acid against ampiciUin-resis- 
tant Haemophilus influenzae type b. Antimicrob Agents Chemother 
1981;19:993-996. 

Young LS. Gentamicin: clinical use with carbenicillin and in vitro 
studies with recent isolates of Pseudomonas aeruginosa. J Infect 
Dis 1971;124(Suppl):S202-S206. 

Yu PKW, Edson RS, Washington JA H, Hemians PE. Bactericidal 
and synergistic activity of moxalactam alone and in combination 
with gentamicin against Pseudomonas aeruginosa. Antimicrob 
Agents Chemother 1983;23:179-181. 

Yu VL, Felegie TP, Yee RB, Pasculle AW, Taylor FH. Synergistic 
interaction in vitro with use of three antibiotics simultaneously 
against Pseudomonas maltophilia. J Infect Dis 1980;142:602-607. 
2^iler HJ. Evaluation of the in vitro bactericidal action of cipro- 
floxacin on cells of Escherichia coU in the logarithmic and station- 



396 



Antibiotics in Lab ratory M diclne 



. ary phases of growth. Antimicrob Agents Chemother 1985;28:524- 
527. 

603. Zemebnan R, Bcllo H, Dominguez M. Gonzalez G, Mella S, Garcia 
A, Activity of imipenem, third-generation cephalosporins, az- 
treonam. and ciprofloxacin against multi-resistant Gram-negative 
baciili isolated from Chilean hospitals. J Antimicrob Chemother 
1993:32:413-^19. 

604. Zcnilman JM. Miller MH, Mandcl U. In vitro studies simulta- 
neously examining effect of oxacillin on uptake of radiolabeled 
streptomycin and on associated bacterial lethaJity in Staphylococcus 
aureus. Antimicrob Agents Chemother 1986;30:877-882. 

605. Zhou XY, Kitzis MD, Acar JF, Gutmann L. Activity of the 
3-lactamase inhibitor BRL 42715 against ccphalosporinases pro- 
duced by Entcrobacteriaceae. J Antimicrob Chemother 1993;31: 
473-480. 

606. Zighelboim S, Tomasz A. Penicillin-binding proteins of multiply- 
resistant South African strains of Streptococcus pneumoniae. An- 
timicrob Agents Chemother 1980;17:434-442. 



607. 2:immer BL, Dc Young DR, Roberts GD. In vitro synergistic activity 
of cihambutol, isoniazid, kanamycin, rifampin, and streptomycin 
against Mycobacterium avium-intracellulare complex. Antimicrob 
Agents Chemother 1982;22:148-150. 

608. Zimmennan RA, Moellering RC Jr. Weinberg AN. Enterococcal 
resistance to antibiotic synergism. Antimicrob Agents Chemother 
1971;1970:517-521. 

609. Zimmerman RA. Moellering RC Jr, Weinberg AN. Mechanism of 
resistance to antibiotic synergism in entcrococci. J Bacteriol 1971* 
105:873-879. 

610. Zinner SH, Provonchee RB. Bias KS, Peter G. Effect of clinda- 
mycin on the in vitro activity of amikacin and gentamicin against 
Gram-negative bacilli. Antimicrob Agents Chemother 1976;9:661- 
664. 

611. Zuravleff JJ, Yu VL, Yee RB, Zaphyr MK, Diven W. Taylor FB. 
Effect of calcium, magnesium, and zinc on ticarcillin and tobra- 
mycin alone and in combination against Pseudomonas aeruginosa. 
Antimicrob Agents Chemother 1982;22:839-843. 



